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,2 Units of volume — In most hydraulic calculations 
the convenient unit ol aolumc is the cubic foot (or cubic 
metre) But in water - supplj engineering it has been 
customary to u e e the gallon ns the aolumo umt The imperial 
gallon is defined to be tho aolumo of 10 lbs. of distilled water 
at 02° F lienee, if in general calculations the cubic foot of 
water is taken to weigh G2 4 lbs. it must also be taken to 
be cqui\alcnt to G 24 gallons. In the metric system the 
kilogram is the weight of a cubic decimetre of water at 
39° I F Hence n cubic metre of water of maximum density 
weighs 1000 kilograms, and this a nine is taken in general 
calculations on pressure etc., though at ordinary temperatures 
the weight is slight!) less. In the United States the wine 
gallon, now disused in England, is the ordinary unit of 
\olume and is equal to 0 8333 imperial gallon 


CosvrnsiON Table 



Multiplier 

Logarithm 

Cubic feet into imjcml gallons 

C 24 

0 7952 

Cubic feet into U S gallons 

7 49 

0 8744 

Cubic feet into cubic metres 

0-02832 

24521 

Imperial gallons into cubic feet 

0 1603 

12048 

U S gallons into cubic feet 

0 1336 

1 1256 

Cubic metres into cubic feet 

35 31 

I 5479 

U S gallons into imperial gallons 

0 8333 

1 9208 

Imperial gallons into U S gallons 

1 200 

0 0792 


To corner! imperial gallons per 24 hours into cubic feet per second 
'AvfvJrt; \s j 53A 2/Wi 

To convert U S gallons per 24 hours into cubic feet per second divide by 
647,100 

3 Heaviness of water — In ordinary hydraulic calcula 
tions it is usual to disregard the small variations of density 
of water due to changes of pressure and temperature In 
tins treatise the weight of a cubic foot of water will be 
denoted by G- and will be taken at 62 4 lbs In calculations 
on the metric system the weight of a cubic metre is generally 
taken at 1000 kilograms from the simplicity which this 
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introduces into calculation. Hirer and spring water is not 
sensibly denser than pure water unless in exceptional eases 
or when carrying mud or sewage. Sea water is usually 
talren at C4 lbs. per cubic foot, though its density -varies 
somewhat in different localities. 

Generally T cubic feet of water weigh GY Its. in crsriia- 
tion units. In "treatises on theoretical hydromechanics absolute 
units are employed. Xben if Zil is the mass in noun dais, the 
weight is TV as= Mg lbs. where a is the acceleration due to 
gravity in the locality considered. Hence if p is the density 
or mass of unit volume its weight is pp, and T units of volume 
weigh gpX lbs. 


Asuaxscs or Sour Tstical TCattss n Pants pee 3 00.0 no 



Total Soadr ie Tempo-XT 
holctioE. H.-iriln-Vv 

Total 

Hanwfss. 


I2am v-ater 



03 

1 

Loch Katrine 

S3 


3*0 

Prom Moorland 

Manchester 

C~2 

01 

37 

, 1 

Liverpool 

t, - 

03 

27 

» r> 

London, from 

23 *& 


IP'S 

Taman- cad Lea 

Id 

29 4 


399 

, „ 

London 

403 


2E 7 

Chalfc veil- 

orthsmjrt qe 

57-5 

6*C 

303 

TV ell m Lia- 

Sea v-ater 

i 

3399*0 

49 0 

797-0 

1 


Change of volume end density of water with change 
of temperature. — "Water expands and decreases in density 
as the temperature rises, and though in ordinary- hydraulic 
calculations this is disregarded without serious error, it is 
otherwise when dealing with water raised to steam temperatures. 
In the fohowm" short Table c- is the relative density, that of 
pure water at 39^3 P. being tahen as unity. G is the % eight 
per cubic foot, Hougldy, if the tlmi ity of pure water r mu tv, 
that of river water is cm the i ' "* ''OS, thu mg 

water 1*001, and tint of sea w 
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Density of Pore Water at Different Temperatures 


Tempera 
tnre Fahr 

Relative 

Density 

W eight of a 
cub ft 

In lbs 

Tenpera 
ture Fahr 

Relative 

Density 

Weight of a 
cub ft. 
m lbs 

t 

tr 

G 

t 

«r 

G 

32 

99987 

02 416 

130 

98608 

61 565 

39 3 

1 00000 

G2 424 

135 

9847G 

61473 

45 

99902 

62419 

140 

98338 

61 386 

60 

99975 

G2 408 

145 

98193 

61296 

55 

9994G 

G2 390 

150 

98043 

61203 

60 

99907 

62 3G6 

155 

97889 

61 106 

65 

99859 

62 33G 

160 

97729 

61006 

70 

99802 

62 300 

165 

•97565 

60 904 

75 

99739 

G2 261 

170 

97397 

CO 799 

80 

99GG9 

62217 

175 

■97228 

60 694 

85 

99592 

62 1G9 

180 

97056 

C0 58G 

90 

99510 

62 1 18 

185 

9G879 

GO 476 

95 

99418 

62 0G1 

190 

96701 

60 365 

100 

99318 

01998 

195 

96519 

60 251 

105 

99214 

61 933 

200 

•96333 

GO 135 

110 

99105 

61 8G5 

205 

96141 

60 015 

115 

98991 

61 794 

210 

95945 

69 893 

120 

125 

98870 

98741 

Cl 719 

61 638 

212 

95865 

69 843 


For temperatures greater than those in the Table, Rankme's 
approximate rule maj bo used 

Q _ 124 85 
* 1 + 461 500 

500 + / + 4G1 

The following arc a llues at a few temperatures calculated by 
this rule — 


t 

G 

50 

C2 42 

100 

62-02 

200 

60-08 

250 

68 75 

300 

57 29 

350 

55 78 

400 

54 21 


It will l>e seen that m dealing with a olumes of water at 
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steam temperatures th°re would fee great error in ne^Ifictm? 
the change of denrity with change of temperature. 

4- Intensity of pressure. — Very various units of intensity 
of pressure are adopted m different cases, depending in part 
on the different methods by which the pressure i3 measured. 
The following Table gives equivalent values of various units 
and the logarithms of the conversion factors • — 


Uvm of Ivre^nrr of Pressure 



Jlaltipber 

Lojrantfcm. 

Atmospheres into lbs. per square inch 

14 7 

1 1672 

„ „ „ square foot 

21163 

3 3256 

„ „ kilograms per square centi- 



metre 

1-0335 

00143 

Feet of water at 53* into lbs. per square inch 

0 4333 

1 636S 

„ „ „ „ square foot 

62 4 

17952 

Pound? per square inch into feet of water 

2 308 

0 3632 

„ square foot „ „ 

001603 

2-2049 

Kilograms per square centimetre into lbs. 


1 1530 

per square inch 

14 223 

Inches of mercury at 32^10 lbs. persquare inch 

04912 

1 6912 

„ „ „ „ square foot 

70 73 

18496 


5 Atmospheric pressure — In most cases a liquid mass 
has at some point a free surface exposed to atmospheric pressure 
which is transmitted throughout the mass. In any given 
case the atmospheric pressure can be deduced from the baro- 
motno height at the given place and time On the average, 
at sea -level, the atmospheric pressure is 29 92 inches of 
mercury at 32°, 33 9 feet of water, 14 7 lbs per sq inch, or 
211 G 3 lbs. per sq foot 

Many forms of pressure gauge indicate only the difference 
between the pressure at a point and atmospheric pressure 
Pressures so observed are termed gauge pressures The gauge 
pressure plus the atmospheric pressure is termed the absolute 
pressure 

G Acceleration due to gravity — The acceleration due 
to gravity, denoted by g, vanes with latitude and elevation 
In practical calculations it is usual to disregard this variation 
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m ordinary ca«cs. In this treatise g will be taken at 32 18 
ft. per see. per sec., or at 9 8088 metres per see. per see. 


E'nolisii Measures 

Logarithm 
*7 = 32 18 1 507G 

2y=G4 36 18086 

jg** 6-C73 07638 

J2g** 8023 000-13 

$j2g~ 6 349 0 7283 


Metric Measures 

Logarithm 
9 = 9 8088 09916 

2j= 19017G 1 2927 

Jg*= 31319 04958 

J2g~ 4 4 292 0G4G3 

3 J2gt= 2 9528 0 4702 


The following table gi\es an idea of the amount of the 
variation of g with latitude and eto ation — 


Values op j a.sd J2 g 




Elevation above Sea Level In Feet. 


Latitude. 

Typical Locality 

0 

2500 

5000 

0 

2500 

5000 



1 allies of g in Feet 

Values of \J(2g) 

CO" 

North Canada 

32 215 

3221 

32 20 

8-027 

8 - 02 G 

8-025 

65* 

North Entam 

32 200 

32 19 

32 18 

8 025 

8 024 

8-023 

40“ 

/■Mediterranean 1 
\ Philadelphia / 

32 154 

32 15 

32 14 

8019 

8-019 

8-018 

30" 

/North India \ 
\New Orleans / 

32124 

3212 

32 11 

8-016 

8-015 

8-014 

20 * 

Cuba 

32 099 

32 09 

32-08 

8-012 

8-011 

8-010 


At Greenwich g — 32 191 , v / 2 ^ = 8 024 
At Pans 9=32 183, 729 = 8 023 


7 Transformation of an equation from one system of 
units to another — Rational homogeneous equations are valid 
in all systems of units, but a large proportion of hydraulic 
equations are empirical and require different numerical 
coefficients for different units. For instance, let 

M=W{A(l+y^)} 

be an equation in which M, A, B are in feet, and x and y are 
numerical coefficients It is required to find the values of x 
and y when M, A, B are in metres. The equivalents of M, A, 
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pressure on the vertical projection cf of the part cd of the sui- 
face The only unbalanced part of the pressure on ah is p x 
ae, and the resultant vertical 
pressure on the whole curved 
surface ACB is p % de that 
is p x the horizontal pro 
jected area of the curved 
surface — that is, if the ring 
is one foot in length, pi lbs 
Hence the resultant pressure on any curved surface cut off by 
a plane is normal to the plane, and equal to the intensity of 
pressure multiplied by the area of the projection of the 
surface on the plane 




Example 1 — Consider a hollow cylinder of diameter d feet subjected 
to a uniform internal pressuie p lbs. per square foot Let abed be a 
diametral plane dividing the cylinder into liah cs. The resultant pres-ure 
P on each half is normal to abed, and equal to 

P=/>xarea abel 
—pld lbs , 

because Id is the area of the projection abed of the scmicyhnder 
Example 2 — Some pumps lme trunks of 
half the area of the piston 

Let D be t?ie diameter of the piston ab in 
feet, d that of the trunk ed, and let /»,, p l be the 
pressures on front and back of the piston m 
lbs. per square foot Then Pj acts 

forward on the back of the piston, and 
P. = — <T) acts Lnckw aids on the annular 
face of the piston. The resultant force drmng the puton u 


c. e 



b / 
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— {(Pi 11* If the ju*lon fieri arc rwewl or curved In 

anr ir»r the mult in t driving J rc**uf« u not altcrrL 


13 Abutment at dead cnd3 or bends of pipes — The 
ends of pipes when blinked off nrc subject to nu endways 
thrust which, if not reeled bj an nbut- 
ment, would dnw the adjacent pipe joints 
Let d be the diameter of the pipo in 
inches, h the greatest statical pressure in 
the pipe in feet pf lieid, for instance the 
difference of let el of the surface of water 
in the supply resort oir and the pipe end. 

Then ns, from §4, the pressure is 0 4333 h lbs. per squire 
inch, the total thrust on the pipo end is 


Fig 9 


P = |x 433<TA *= 0 34<TA lbs 

This is often n considerable force In a 30 inch pipo under 
200 feet of head tho thrust would be 88,180 lbs., or nearly 
fort) tons. Under certain circumstances such ns the sudden 
shutting of a tahe on a branch near tho pipo end, an 
additional thrust duo to dynamic il action might ho produced 
Consider next a pipe bend (fig 10), and let dOb = 0, tf = 
the pipe diameter, and h the head m feet The wedge abed is 

acted on by the thrusts P = P = ^ x 62 AePh = 49 lbs along 
the axis of each pipe The resultant thrust tending to displace 
the bend is 

It = 2P am ^ = 98d*A sin ~ lbs 

Thus for a 36 inch pipe with a head of 200 feet bent at an 
angle of 120°, so that 0*=6O°, 

It = 98 x 9 x 200 x Bin 30° = 88,200 lbs 

If the water is flowing round the bend there is additional f 
thrust due to the donation of the water, which will bo 
discussed m a later chapter It is usual to provide a 
masonry or concrete block to resist the thrust in such cases 
The result can be arrived at in another way If we 
suppose the pipe divided into two troughs of semicircular 



16 


HYDRAULICS 


CUAI*. 


pressure on the vertical projection cf of the part cd of the sui- 
face. The only unbalanced part of the pressure on ctb is p x 
ac, and the resultant vertical 
pressure on the whole curved 
surface ACB is p S ae, that 
p X the horizontal pro- 
B jected area of the curved 
surface — that is, if the ring 
is one foot in length, pi lbs 
Hence the resultant pressure on any curved surface cut off by 
a plane is normal to the plane, and equal to the intensity of 
pressure multiplied by the area of the projection of the 
surface on the plane. 




Example 1. — Consider a hollow cjlmdir of diameter d feet subjected 
to a uniform internal prc-sstiit. j> Iba. |>cr rquare foot Let abed be a 
diametral plane dmdmg thecjhndtr in to htfhes The resultant pressure 
P on each half is normal to abed, and equal to 

P=j> x area aU>l 
=;//lbs . 

because M is the area of the projection abed of the seniicjlindcr 
Example 2 — Some pumjis ha\e trunks of 
half the ah. a of the piston 

htDI« the diameter of the piston ab in 
fi* t, d that of tho trunk «/, ami let />,, j», K the 
pxwun-s on front and hack of the piston in 
It*. js.r square fmt. Then Pj—jqjIF* acts 
forward cm the Inck of the piston, and 
Ij«/ , J 1 |(I)*-«r}acts KaekwanNon theamiular 
far** <f tin pston The resultant form dminff tie jliton ii 


c. t 



b s 

Fi* 8 
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f{(Pi”l , i)D‘ , +jyP} lbs If the piston faces are recessed or curved m 
any way the resultant driving pressure is not altered 

15 Abutment at dead ends or bends of pipes — The 
ends of pipes when blanked off are subject to an endways 
thrust which, if not resisted by an abut- 
ment, would draw the adjacent pipe joints 
Let d be the diameter of the pipe in 
inches, h the greatest statical pressure m 
the pipe in feet of head, for instance the 
difference of level of the surface of water 
in the supply reservoir and the pipe end 
Then as, from §4, the pressure is 0 4333 h lbs per square 
inch, the total thrust on the pipe end is 

p = ~x 433£TA = 0 3i(Th lbs 
4 

This is often a considerable force In a 36 inch pipe under 
200 feet of head the thrust would be 88,180 lbs, or nearly 
forty tons Under certain circumstances such as the sudden 
shutting of a valve on a branch near the pipe end, an 
additional thrust due to dynamical action might be produced 

Consider next a pipe bend (Fig 10) and let dOb = 0 d = 
the pipe diameter, and h the head in feet The wedge abed is 

acted on by the thrusts P = P = x 62 4d?h = 49tf 2 /t lbs along 
the axis of each pipe The resultant thrust tending to displace 
the bend is 

R =s 2P Bin ^ = 98d*A sin ~ lbs 

Thus for a 36 inch pipe with a head of 200 feet, bent at an 
angle of 120°, so that 0=60° 

R = 98 x 9 x 200 x sin 30° = 88,200 lbs 

If the water is flowing round the bend there is additional t 
thrust due to the delation of the water, which will be 
discussed m a later chapter It is usual to provide a 
masonry or concrete block to resist the thrust w such cn«es. 

The result can be armed at m another way If we 
suppose the pipe dmded into two troughs of semicircular 

2 
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section by the line ef t all the upward-acting pressures act on 
the upper, and all the downward-acting pressures on the lower 
trough. The projections of the troughs on a horizontal plane 



are shown below. The difference of their areas is the area of 
the two ellipses, the major axes of which are d and their minor 

axes d sin — . Hence the upward thrust is 
It = 2 ^d 2 p sin 


= 2P 



p chord tf 
radius 0<J 


10. Hydraulic press. — Suppose a vessel fitted witli two 
pistons of area a and A normal to the direction in which tho 
pistons move. If a downward pressuro is exerted on tho 
smaller piston a much greater upward pressure P 3 will bo 
exerted on the larger. Tho intensity of pressure in the 
fluid is V x (a, and tho upward pressure on the largo piston is 
P a = PjA/a. This is tho principle of the hydraulic press, in 
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which procure prodtirod by tli** plunger of n Fmill pump it 
to i torr large rim 

Obviously the rmill pj«ton will more n greater distance 


J)' 

P. 

-= arm a. 


— — — — 



r* n. 


tlnn the lirger If r,, r, nrc the pi«ton velocities, r t fr t *x A f n. 
The aolume r,a displaced h\ the pnnll pi«ton w equal to the 
aolume r,A describ'd b) the large piston Guicnllj' tlic 
fnction of the pi«totu is not incon«idcnbIe, nnd this modifies 
pomewhat the ratio of the efforts gnen nboac. 

Example — .The pump plungtrof a large prw u J inch in diameter, 
and the prvw rain n 20 inches in diameter Then A/a - 20*/(J)* "10 
Sujikt* a man exerts ly ft lever a force of T,— 150 Its. on the j lunger. 
Then the upward force exerted l»j the pro* ram n 710 x 150** 100,500 
11 m-, or 48 tons. That w neglecting the fnction of ] lunger and ram To 
move the jrv» ram one inch the plunger must move through 710 incite*. 
Gorging pn*w9 have Urn made on this principle capable of exerting an 
effort of 1 0,000 tons. 


Problems 

1 Treating water as incompressible, find the pressure in tons per 
square foot on the bed of the Atlantic, the depth being 5 miles, 
weight of tea water G4 lbs. per cubic fooL 754 

2. With the conditions in the last question, find the weight of a 

cuVic lutft of water tCi Vue ol Vac Atlantic, tnVing Vne com- 
pression of the water into account. GGG lbs. per cubic foot 

3. A pipe 24 inches m diameter has a right-angled bend. The 

pressure in the pipe u 150 feet of head Find the force tend 
ing to displace the bend 18 G tons. 

4 Show that the surface of water in the buckets of a waterwheel 
revolving uniformly are parts of cylindrical surfaces having 
the 6amc axis. 
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section by the line ef, all the upward-acting pressures act on 
the upper, and all the downward -acting pressures on the loner 
trough The projections of the troughs on a horizontal plane 



Fig 10 


are shown below The difference of their areas is the area of 
the two ellipses the major axes of which are d and their minor 

axes d sin | Hence the upward thrust is 
E = sin 


= 2P 


6 p chord ef 
2 ~~ radius Oe 


16 Hydraulic press — Suppose a vessel fitted with two 
pistons of area a and A normal to the direction in which the 
pistons move If a downward pressure Pi is exerted on the 
smaller piston a much greater upward pressure P 5 will ho 
exerted on the larger The intensity of pressure in the 
fluid is P ifa, and the upward pressure on the large piston is 
P 2 = P r A/a This is the principle of the hydraulic press, m 
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which pressure produced by the plunger of a small pump is 
transmitted to a very large ram 

Obviously the smill piston will move a greater distance 



g/tcaA 


Fg 11 

than the larger If ti„ i t arc the piston velocities, v 1 jv 2 ~ A fa 
The volume v t a displaced by the small piston is equal to the 
volume v a A described by the large piston Generally the 
friction of the pistons is not inconsiderable and this modifies 
somewhat the ratio of the efforts given above 

Example — The pump plunger of a large press is J inch m diameter, 
and the press ram is 20 inches in diameter Then A/a = 20 i /($)' , = 710 
Suppose a man exerts by a le\er a force of Pj = 150 lbs. on the plunger 
Then the upward force exerted by the press ram is 710 x 150 = 106 500 
lbs., or 48 tons. That is neglecting the friction of plunger and ram To 
move the press ram one inch the plunger must move through 710 inches 
Forging presses have been made on this principle capable of exerting an 
effort of 10,000 tons. 


Problems 

1 Treating water as incompressible find the pressure m tons per 

square foot on the bed of the Atlantic, the depth being 5 miles, 
weight of 6ea water 04 lbs. per cubic foot 754 

2 With the conditions in the last question find the weight of a 

cubic foot of water at the bed of the Atlantic taking the com 
pression of the water into account 66 6 lbs. per cubic foot 

3 A pipe 24 inches m diameter lias a right-angled bend. The 

pressure in the pipe is 150 feet of head Find the force tend 
ing to displace the bend 18 6 tons. 

4 Show that the surface of water in the buckets of a water wheel 

revolving uniformly are parts of cylindrical surfaces having 
the same axis. 



HYDRAULICS 


CHAV 


lb 

section by the line if, all the upward-acting pi essures acton 
the uppei, and all the downward-acting pressures on the lower 
trough The projections of the troughs on a horizontal plane 



are shown below The difference of their areas is the area of 
the two ellipses, the major axes of which are d and their minor 

axes d sin ~ Hence the upward thrust is 
E = 2|d>sm|. 


= 2P Bin 


6 p chord if 
2 _ radius Oe 


16 Hydraulic press — Suppose a \essel fitted with two 
pistons of area a and A normal to the direction in winch the 
pistons move If a downward pressure Pi is exerted on the 
smaller piston a much greater upward pressure F s will te 
exerted on the larger The intensity of pressure in the 
fluid is V\ja, and the upward pressure on the large piston is 
P 5 = PjA fa. This is the principle of the hydraulic press, in 
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which pressure produced by the plunger of a *sm ill pump is 
transmitted to n len large run 

Obviously the smill piston will move n greater distance 



o/fwiA 


li 

than the larger If t,, t. nro the piston a clocities, t ,/i s e= A /it 
The aolumo t,« displaced b} the small piston is equal to tho 
volume i’,A described b) the largo piston Guierall) tho 
friction of the pistons is not inconsiderable, and tins modifies 
somewhat the ratio of the efforts gi\on nboao 

Example — -The pump plung rof a hrge press is $ inch in tfiunctir, 
and the press ram is 20 inches in diameter 1 lien A/a *» SO’/CJ) 3 " 710 
Suppose a man exerts by a lexer a force of P, »» 160 lla on the | lunger 
Then the upward force exerted by the press ram is 710 x 160- 100,600 
lbs., or 48 tons. That is neglecting the friction of plungir and ram lo 
move the press ram one inch tin- plunger must move through 710 inchts 
Forging presses have been made on this pnnciplo capable of exerting nil 
effort of 10,000 tons. 


Problems 

1 Treating water as incompressible, find tho pressure In tons j er 

square foot on the bed of the Atlantic, tho dej th being 6 mihs, 
weight of sea water 64 lbs. per cubic foot, 764 

2 With the conditions in the last question find tho weight of A 

cubic foot of water at tbc bed of the Atlantic, taking tbn cow* 
pression of the water into account 60 0 lbs, ptr cubic f< ot, 

3 A pipe 24 inches m diameter has a right-angled bend 'ilio 

pressure in the pipe is 160 feet of head hind tho force tend- 
ing to displace the bend 18 6 tons. 

4 Show that the surface of water in the buckets of a water wheel 

revolving uniformly are parts of cylindrical surfaces having 
the same am 
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DISTRIBUTION OF PRESSURE IN A LIQUID VARYING WITH 
THE LEVEL 

17. Pressure column. Free surface level. — Let a small 
vertical pipe AB bo introduced into a mass of liquid. The liquid 
will rise in the pipe to some level 00, such that tho weight 
of tho column BA balances the pressure on its mouth. This is 
true whether the liquid is at rest or in motion, provided the 
mouth of the pipe is parallel to tho 
- direction of motion so that the liquid 
does not impinge on it. The height 
0 AB = h measures the pressure at A. 
Let &> bo the area of the cross section 
of the pipe, p tho intensity of pres- 
sure at A, and G tho weight of a 
cubic unit of fluid 

put — Gh(a 

p = GA or h -j’jG . (1). 

If A is in feet, p in Jhs. per eq. fU 
G = G2*4. For inctre-kilogrnin units 
Fi?. 12 . G = 1000. Tho result is expressed 

by saying that h is the height duo 
to tho pressure p, or conversely p tho pressure due to the 
height h. The level 00 is the free surface let el. 

In general, atmospheric pressure will be acting on the free 
surfaco at 00. Consequently h measures tho gaugo pressure, 
not the ab c olute pressure at A (§ 5). Let p* bo the atmo- 
spheric pressure in lbs per sq. ft. Then p JG is tho height 
in feet of water equivalent to atmospheric pressure, and the 
absolute pressure at A is p = Gh +p a lbs. per hj. ft., or h+pjG 
20 
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feet of water p a fG is about 33 9 feet on the average If a 
hue XX is taken at a height pjG above 00, the absolute 
pressure at A is h a feet of water, the layer between XX and 
00 representing a lajer of water the weight of which is 
equivalent to atmospheric pressure In many hydraulic 
problems only differences of pressure at two points are con 
cemcd, and atmospheric pressure may then be ignored 

18 Relative level of liquids of different density — 
Suppose two liquids of density G,, G 2 are placed in a bent 
tube At the level of the plane 
of separation 00 the pressure 
must be the same in both arms 
Hence the pressure of the two 
columns above that level must be 
the same 

GjAj = GJi 2 

G,/G (2) 0 

As atmospheric pressure is the 
same on both columns it does 
not need to be taken into con 
sideration 

Watt’s hydrometer — A bent tube connects two beakers 
containing fluids of different densities G,, Gj- 
If a partial vacuum is formed in the bent 
tube the liquids will me to different heights 
1i v h t Let j» 0 be the pressure in the bent 
tubo and p a the atmospheric pressure on the 
free surface in the beakers The pressure 
due to the weight of the columns in each 
leg must be equal to the difference of pres- 
sure pa - /V Hence 
f 

j r« - r 0 = G A « GJt s 

j; Gj/G t *hjh x (3). 

j If the den G itv of one of the fluids is known, 
y - that of the other can be determined by 
measuring the hcizht of the column? 

Mercury siphon gauge — Pressure is 
ofUn measured Iv a siphon gauge AB containing mercury 
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and open at one end to the atmosphere Let Tig 14a repre 
sent a water mam C m which the pressuie is to be determined, 
and let b be the atmospheric pressure m 
inches of mercury, h the difference of level 
of the mercury columns m the siphon 
gauge in inches The absolute pressure 
at A is b inches of mercury, that at B is 
b + h inches of mercury If the specific 
gravity of mercury is 13 57, the absolute 
pressure at B is 
13 57 


H 




(b + h)- 


12 


: 1 1 31(6 + h) feet of water 


Fig 14a 


If, as is often the case, the siphon gauge 
is at a considerable height II feet above 
the centre C of the mam, the absolute 
pressure at C is 

1 131(b + h) + H feet of water, 
and the gauge pressure, or pressure in excess of atmospheric 
pressure, is 1 I3IA + H 

19 Pressure on surfaces varying as the depth from 
the free surface — In any heavy fluid the pressure must 
increase with the depth reckoned from the actual or virtual 
free surface 

Let A be a small vertical surface of area <a sq ft at a 
depth h ft The intensit} of pressure at that depth is p = Gh 

lbs per sq ft The total pressure on 

the surface is po> = Gha lbs Take 
a surface B equal and parallel to A 
at a distance h, and complete the j } 
prism AB Its volume is hto and if 
composed of fluid its weight is Gha> 
lbs 

Henco tlio horizontal pressure on 
a small vertical surface at the depth 
h is equal to the weight of a prism of 
fluid of length h and croas section 
equal to the area of tlio surface It will easily bo seen 
that the restriction to a vortical surface is not necessary 






h 

FiS IS 


5 
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But in any casa the resultant pressure thus estimated is 
norm'll to the surface 

When the surface is not small it cannot bo regarded as 
all at the same depth But for each small element of the 
surface the rule applies. Consider a strip abed of a vertical 
wall, of width ab = b, and height ad = h, supporting water 
pressure Take de=*h and complete the wedge abedef At 
any depth the intensity of pressure is proportional to the 
horizontal thickness of the wedge at that depth The total 



pressure on the wall is the weight of a wedge abedef of fluid 
The volume of the wedge is 4&A* and the pressure on the 
wall as 

P = JG&A* lbs (4) 

Further, since the distribution of pressure is represented 
by the wedge, the resultant pressure acts through the mass 
centre of the wedge, that is at A/3 abo\e the base. 

As the pressure \ anes uniformly the mean pressure in this 
ca«e is 

Pm — $Glh*/bh = JGA lbs per eq ft., 

which is the pressure at the mass centre of abed 

The rule is generaL The mean pressure on any immersed 
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plane is the pressure at its mass centre due to its depth fiom 
the free surface, and the resultant pressure normal to the 
surface is the mean pressure multiplied by the area of the 
surface The point of the surface at winch the resultant 
pressure acts is not in general the mass centre, and 
this will be determined presen tl} In the case of a cuned 
surface the total pressure is also the pressure duo to the depth 
of the mass centre multiplied by the area of the surface, but 
this result has little meaning As the pressure acts ev erj - 
where normal to the surface the total pressure consists of 
components acting in different directions The resultant 
pressure on a cuncd surface will be found presently 


Example. — -A vertical semicircular plate of radius r Act and area 
d) = lrr ! , support® w ater on one side level with its straight edge The 
depth of the misa centre of the semicircle 19 4r/3r The mean pressure 
on the surface is p m = 4Gr/3- lba. per square foot The re nltant pressure 
on the Burface is 


T: 


4Gr rr 3 

: 3r L 




Water at different levels on two sides of a wall — In 
cases of this hind it is convenient to consider a 6tnp of the 
wall one foot in width (Fig 17) 


•4 • - b - ► 



Jjt h t ,h t bo the depth® of water Tho distribution of 
pressure on each side in gj®pn by the dotted triangle® with 
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bases equal to h v h 2 , and the total pressures P lf P 2 are equal 
to the weight of wedges of water one foot thick of the area of 
these triangles. Hence the pressures per foot run of wall are 
Pi=-^G^j 2 and V 2 — ^Gh* lbs. These pressures act at h 1 jZ 
and h 2 f 3 abo^e the base of the wall, and the o , \ erturning 
moment about the toe A of the wall is 


4G(Aj 3 - h 2 5 ) ft. -lbs. . . . (5). 

Let the wall be h feet high and l feet thick, and let G m be 
the weight per cubic foot of masonry. The weight of the 
wall is G n ih lbs., and the moment about A resisting o\ er- 
turning is G m lh x ^6 = 4G W 6 ! A. If the moment of stability is 
to be times the overturning moment 

?g„«=Jg(v-V> 




(C) 


In this case ns the total atmospheric pressure is the same 
on both sides of the wall it is neglected without any error. 

20. Pressure on a flap valve covering the end of a 
pipe of circular section (Fig 18) 

Let d be the diameter of the pipe m feet and 0 the angle 
of inclination of the flap to the acrticaL The projection of the 

flap on a vertical plane is a circle of area A,= Its pro- 
jection on a horizontal plane is an ellipse, the principal axes 
of which are d and d tan 0. Hence its area is A**= jd* tan 0. 

The mean head on the flap is h measured to its centre of 
figure. The horizontal nnd vertical components of the prepare 
on the flap arc equal to the mean pressure multiplied by the 
areas of the Ncrtical and horizontal projections. That i«, the 
vertical component is 


P, = C.h . A, - ^Gl.r till (l ll.t, 
and the horizontal cumjioncat i< 


r.-Gi. a.-Zclpp*. 
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The resultant pressure normal to the flap is 

P = \/(P c 2 + Pa 2 ) = GAA lbs . . (7) 

It will be shown presently that the horizontal component acts 
at a point h + drfl6h below the water surface, which is more 
nearly equal to h as h is greater. If the horizontal component 



is drawn at this depth, the point where it intersects the flap 
is the centre of pressure at which the resultant pressure on the 
flap acts 

21. Centre of pressure on any vertical surface. — let 
AB (Fig. 19) be any surface of area A square feet, the vertical 
projection of which is given on the right Let k lf Ii 2 he the 
depths of A and B from the free surface Let D be the mass 
centre of the surface at depth h n and E the centre of pressure 
at depth s The resultant pressure on the surface is 

P = Gh m A lbs 

Consider a horizontal strip of the surface between the depths 
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h and h + dh and of width & Its area is Idh, and the pressure 
on it is Gbhdh The moment of this, about a horizontal axis 
through C, is GbJddh The total moment of the pressure on 
the surface about G is therefore 

r h z 

G bbrdh = GI, 

J \ 

where I is the moment of inertia of the surface about a 
horizontal axis through C, normal to the plane of the figure 



But this must be equal to the moment of the resultant 
pressure about tho same axis. Hence 


Pr es Gh m \z = GI 


I 

M. 


(P), 


or if I *=/~A. where / is the radius of gyration of the rarfice 
about the axis through C, 


r 

h m 


(?) 


The moment of unrtvv of a e-rfact a’-i-' an ax « tl 
the min nntn of the furf n known f - sario^ f-r'-T-* 
D t I e K tin monitnt of in»rt a <f l' t* f-r f ;>rr a’. .* an ai‘s 
through it« mis» it • a* J normal to tl e |l-n- c r t* - £ -»**• 
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Then by the well known rule 

I = Ii + Ah m 


Ah m 

Example — Let the surface be a circle of diameter d 


( 10 ) 


=/„+ 


16 A,, 




22 Pressure and centre of pressure on any plane 
surface — Let AB be the surface m a plane normal to the 
plane of the figure inclined 
% , _ ^ at 6 to the horizontal 

r - & — ~ " r — — — Take OB for the X axis 

and an axis through 0 per 
pendicular to the plane of 
the figure for the Y axis 
Let A be the area of the 
surface , B the pressure on 
it , OA = x 1 , OB = x 2 
Fig 20 Let c be the mass centre 

of the surface and d the 
centre of piessure and let 0 c = x e and Od = x d 

Consider a strip of the surface between x and x-\-dx of 
breadth y Its depth below the water surface is x sin 0 and 
the total pressure on it is Gx sin 6ydx Hence the whole 
pressure on AB is 



B s G Bin 


f x i 

But I zydx = Ax c 

J x x 

B = GAx c sin 0 

where Gx e sin 0 is the intensity of pressure at the mass centre 
of the surface Taking moments about the Y axis 


f*3 

> I xydx 
J x l 
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But s?ydx is the moment of inertia I of the surface 


about the 1 axis 


But I = 7**A where K is the ndius of gyration of the surface 
about the Y axis ,, 

* 4=4 ( 12 ) 


The lateral position of the centre of pressure is found thus 
the moss centre and centre of pressure of the surface are m 
the same \crtical plane parallel to tho plane of the figure 
Wien surfaces are not vertical it is often convenient to 


find the component pressures on their horizontal and vertical 
projections separately and combine them 

The Table on p 29 gives tho pressure and depth of 
centre of pressure for \anous vertical surfaces 



F g 20a 

23 Graphic determination of the pressure on surfaces. 
— Case of a curved face of a retaining wall or dam. Let 
Fig 20a represent the vertical section of a cuned wall. 
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AUCD, which may be treated as polygonal without serious 
error if the divisions are taken small enough It is con- 
venient in such cases to consider one foot length of the wall 
The curved face being divided into lengths AB, BC, CD, 
each equal to a, the area of these faces will be a also Let 
hi, ^ 2 > A 3 , l h be the depths of A, B, C, D below the free 
surface Take Aa normal to AB and equal to h x , B5 normal 
to AB and equal to h 0 Join cib Then AafrB represents 
in. magnitude and distn 
bution the normal pressure 
on AB The total piessure 
on AB is the weight of 
a prism of water AalB 
one foot thick That is 
P, = £Ga(A, + h 2 ), and it 
acts through the mass 
centre C of Aa&B normally 
to AB Similarly the pres- 
sures P 2 = l G a(h g + h s )> 
and I\ = fGn (A a + A t ) can 
be found m position and 
direction Draw the force 
polygon (Pig 20Z») with 
\ * t sides equal on anj scale 

i , / and parallel to P t , P 2 , P 8 

\ • ;/ The closing lino gives the 

\ *' resultant It in magnitude 

4 and direction Chooso a 

Fig 206 pole 0 and draw rays to 

the angles of the force 
poljgou Next draw the funicular poljgou mnopy with sides 
inn, no, op,pq parallel to the raj a, token m order, and intersect- 
ing the pressures I\, P 2 , P, at n, o, p Produce the first and 
Inst lines of the funicular poljgon to meet in * Then z 
is a point through which the resultant It of the pressure 
acts. It can be drawn through x and pamllel to Jt in the 
force polygon The resultant pressure on A II CD is therefore 
found m magnitude, position, and direction 

21 Loss of weight of immersed bodies Buoyancy 
Principle of Archimedes —Let Iig 21 represent a hod) 
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immersed m water. Consider a prism ah of small cross 
section at a depth A Since the %ertical projections of the 
two ends of this pnsm are 
equal, and the pressure duo to 
the depth h is the same on 
each, the horizontal forces on 
the prism must balance , and 
since the body can be divided 
into such prisms the horizontal 
forces on the whole body must 
balance also Next consider 
a small vertical pnsm c d If 

at is the horizontal cross 
section, and A„ A 2 the depths 
of the ends below the free surface, the resultant pressure acting 
on it is an upward force Ga>(A a — A,) But this is equal and 
opposite to the weight of a pnsm cd of water Since the 
body can be divided into a set of similar \ertical prisms, the 
whole upward pressure on it must be the weight of a volume 
of water equal to the volume of the body If W is the 
weight of the body not immersed, and V its volume, the 
upward pressure is GV, and the resultant downward force 
W — GV The body loses, when immersed, a weight equal 
to the weight of water displaced The upward pressure GV is 
termed the buoyancy, and it acts through the mass centre of 
the water displaced, a point termed the centre of buoyancy 
If the body is homogeneous, the centre of buoyancy coincides 
with the mass centre of the body provided jt is wholly 
immersed If the bod) is not wholly immersed, or is hollow 
or of varying density, the centre of buoyancy will not generally 
coincide with the mass centre oi tho hody 

Note that if GV is greater than W the body will float 
As part of it rises out of the water, the volume V of water 
displaced diminishes The plane of flotation when the bod) 
comes to rest is sucli that GV = W where V is not now the 
volume of the body, but the volume of the water displaced, 
the buoyancy then exactly balancing the weight. 

25 Equilibrium of floating bodies — If a body floats on 
water the weight TV of the body and the buoyancy B are 
equal But W acts at the mass centre b of the body, and B 

s 



Fig 21 
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at the mass centre a of the displaced water. If these are not 
on the same vertical there is a couple ~Wx tending to turn the 

body, and it must move 
till a is on a vertical 
through 6. The line pass- 
ing through a and l when 
the body has taken a 
position of rest is called 
the axis of flotation. If 
the axis of flotation is 
known, as in the case 
B W of various symmetrical 

Fig. 22. bodies, the depth of flota- 

tion is easily found. Thus 
if the body is a prism of section A perpendicular to the axis 
of flotation, \V its weight, and D the depth immersed, 

D = W/GA. 

Stability of floating bodies. Metacentre. — A body floats 
in an upright position if a plane through the axis of flotation 
divides it into sym- 
metrical parts. The 
body is stable if when 
slightly displaced it 
returns to its former 
position, unstable if 
a small displacement 
tends to increase. 

Yet rig. ‘i'i represent 
a floating body, and 
let "W be its weight, 

V its displacement, 
so that "\V = GV 
Let B be the centre 
of buoyancy when the body floats upright, and G its mass centre. 

If the body is displaced, the centro of buoyancy moves out to 
some point B,. The weight IV and buoyancy GV then form a 
couple tending to rotate the body. Let M be tho intersection 
of GV with tho axis of flotation through B and G. This 
point is termed the metacentre. If M is above G tho body 
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will turn so that G sinks and M rises, and the action, tends to 
annul the displacement. If XI is below G the body is un- 
stable. If XI and G coincide equilibrium is indifferent. 

When XI is above G the righting couple is War, where x is 
the horizontal distance between the metacentre XI and the 
mass centre G. If MG = c and <p is the angle of displacement, 
the righting couple is W c sin <p It increases, therefore, with 
c. On the other hand the rapidity of rolling increases with c, 
and therefore there is a limit to the metacentric height which 
is desirable. But these are questions beyond the scope of the 
present treatise. 

Problems. 

I If mercury is 13i tunes heavier than water, find the height in 
inches of a mercury column corresponding to a pressure of 
100 lbs. per square inch. 205*1. 

2. A masonry dam vertical .on the water side supports water of 100 
feet depth. Find the pressure per square foot at 25 and 75 
feet from the water surface, and the total pressure on one foot 
length of dam. 16G0 and 4G80 lbs. per square foot; 312,000 lbs. 

3 Find the resultant pressure on a circular plate 5 feet in diameter, 

with its top edge 10 feet hclow the water surface — (1) When 
the plate is aertical ; (2) When the plate 13 inclined at 30* to 
the horizontal Also the position of the centre of pressure 
when the plate is vertical 

15,310 and 13,790 lbs. , 12 G25 feet from surface. 

4 A dock entrance is closed by a caisson 50 feet wide at bottom and 

GO feet wide at the water surface, 24 feet above the bottom. 
Find the total pressure on the caisson when the dock is empty. 

958,280 lbs. 

5. Two lock-gates are each 10 feet wide, and support water 10 feet 
deep m the head bay, the lock being empty The gates meet 
at an angle of 120". Find the total pressure on each gate, 
and the thrust at the hollow quoins 31,200 lbs ; 31,200 lbs 
G. A ship weighs 1000 tons Find its displacement in eea water 

350,000 cubic feet. 

7. If the ship in the last question is a ertical-eided near the water- 

line, and has a section of 1500 square feet at the water-line, by 
how much would the draught change in pacing from sea to 
fresh water 1 G feet. 

8. A homogeneous log is 3 feet wide, 2 feet deep, and 20 feet long 

Its dcn«ity is half that of wat«.r It carries at its centre a load 
of 2000 lls. Find its depth of immemon. 18 4 inches 

9 A dam supporting water pressure is vertical for 20 fe«*t below the 
water surface, elope* at 1 in 5 from 20 feet to 30 feet, and at 
1 in 3 from 30 fret to 40 fret. Find, graphically, the magni- 
tude and position of the n-ultant water pressure. 
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PRINCIPLES OF HYDRAULICS 

26 Hydraulics is the science of liquids or incompressible 
fluids m motion, and comprises — 

(<i) The laws of discharge from orifices, and sluices, and 
over weirs Tho application of these is chiefly to the measure- 
ment of the flow of water 

(#) The laws of flow in pipts, canals, and rivers The 
application of these is partly to water measurement, pirtly 
to tho design of pipes and channels 

(c) The law 8 of impact of water streams on surfaces, the 
most important applications of which are to tho design of 
some types of water motors. 

(d) The laws of the resistance of water to the motion of 
bodies immersed or floating in it The application of these 
is to ship design 

Puro theoretical hydrody namics 1ms proceeded hut little 
beyond the consideration of tho action of a perfect fluid 
without viscosity The conclusions reached nre m no case 
correct for actual fluids, and in some cases are in startling 
contradiction with tho facts of experience In practical 
hydraulics it is impossible to proceed on strictly theoretical 
lines There arc rational principles winch sene for the solu 
tion of Bomo elemental} problems In nioro complex cases 
dynamical reasoning sen es ns a basis or guide in generalising the 
results of experiment. Put usually in hydraulics theoretical 
conclusions lia\e to lie checked and modified by the results of 
observation In rigid dynamics rational solutions of problems 
nro obtained bused on the accurate determination of a fi w 
fundamental physicil constants In hydrodynamics the 
conditions nre generally >-o com] lex that no mich simple 
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ntioml conclusions nn bo found In the strict scn«e 
hydraulics is not a science. It is embarrassed by tangles of 
formulv winch, imtiall) bated on imperfect rea«omng have 
lx*en modified nnd adjusted to conform more or less nccumtcl) 
to the remits of experiments, tlicm e chcs affected to somo 
extent by observational errors. On the other hind, it must 
l>o recognised tint during more thin two centuries n ver) 
large miss of experimental observation on the motion of water 
in different circumstances has l>ccn nccumuhtcd For the 
practical purposes of tlie engineer, the empirical laws of 
hydraulics used with proper insight into their limitations 
are sufficient nnd trustworthy ns solutions of practical problems. 

27 The two mode3 of motion of water — Tlio first 
fundamental difficulty in hjdraulics is that water moves m 
two different nnd characteristic ways When water is acecler 
nted or retarded the inertia forces acting on the mass are the 
same as for nnj other hcav) bod) Hut from the extreme 
mobility of the parts the) rcadil) take relative motions which 
absorb cnerg), which is rapidly destroj cd b) internal retarding 
forces common 1) termed frictional resistances, though they are 
cssentinll) different from the friction of solids. In certain 
cases these frictional resistances var) directly ns the trans 
lationnl velocit) of flow in others they vary nearly ns the 
square of that vclocit) It is clear that in the two cases 
there must be an essential difference in the character of the 
motion Using floating threads or Professor Osborne He) nolds’ 
method of coloured fluid streams it is found that in one class 
of cases the particles follow ver) direct and constant paths 
or stream lines , in tho other the particles eddy about m 
constantl) changing paths of great sinuosity Professor 
Itej nolds has pointed out that the surface of a slow current 
of clear water sometimes presents a plate -glass appearance 
reflections of objects on the surface being undistorted That 
appearance corresponds to non sinuous or stream line motion 
At other times the surface presents a sheet glass appearance 
reflections being blurred or distorted That is due to edd) 
motions slightly disturbing the water surface In a nver 
in flood the continual breaking up of the surface by eddies is 
obvious enough 

Now in stream line motion of the water (Fig 24 a) the 
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resistance is due to the laminae sliding on each other with very 
small differences of relative velocity The relative motion is 
opposed by the viscosity of the liquid , the resistance is of the 
nature of a shearing resistance, and is proportional to the 
velocity of sliding On the other hand, in eddying or 
turbulent motion (Fig 24, 6) the relative velocities are very 
much greater, energy is expended in giving motion to the 
eddies, and this energy is gradually dissipated as the eddies 
die out in consequence of their mutual friction The kinetic 
energy of an eddy is propor- 
tional to the square of its 
velocity, and as this must have 
a definite relation to the general 
velocity of translation of the 
stream it is intelligiblo that 
th e resistance varies nearly as 
NON SINUOUS the square of the velocity In 

a stream m turbulent motion 
there is a continual generation 
of eddies and stilling of them 
again b) fluid friction, and 
consequently a continual degra 
dation of mechanical energy 
into heat throughout the fluid 
inass The theory of stream- 
line motion is much more 
Fg 24 perfect than the theory of 

turbulent motion, indeed in 
the strict sense there is no rational theory of turbulent 
motion but only empirical laws deduced from experiment 
Unfortunately, almost all cases of practical importance to the 
engineer arc cases of turbulent motion 

In cases of cdd}ing motion, 6uch os that shown in Tig 
24, b, the motion may bo analysed into two parts (a) a general 
niertgo motion of translation arid (l) an eddying motion 
superposed which has no resultant motion It is the former 
on!} with winch the engineer is m general concerned and to 
which tlio empirical laws of flow appfy 

As an instance of how eddying nmj come m to modify tho 
action of water, an interesting experiment bj Mr Church at 
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the Cornell University, may be taken He tried the discharge 
through two orifices, A and B (Fig 25) These were exactly 
of the same size, except that B had a smoothly formed con 
traction at the inlet, but it was found that B discharged 
about 10 per cent more than A. Now, 
why should contracting the section increase 
the discharge ? The reason is simple, viz , 
that in B the change of section of the 
water stream is fairly gradual, and there 
is not much tendency to disturb the 
stream-line motion and generate eddies 
But in A the abrupt inlet angle generates 
eddies, and so destroys part of the head 
available for producing the aelocitj of flow 
But if the velocity of discharge is reduced 
10 per cent the kinetic energy of the jet 
is reduced about 20 per cent, or nearly 
one fifth of the energy is absorbed by the 
eddies due to the 6harp corner That is a 
case where the influence of eddies is com- 
paratively small In flow through a long * 25 

pipe it is much greater Take a pipe of 
12 inches diameter with a virtual elope of 1 in 1000 If iu 
such a pipe non sinuous motion were possible the \elocity 
would be 72 feet per second But the actual velocity, the 
motion being turbulent is onl) l| foot per second. The 
difference Bhows the enormous amount of mechanical energj 
expended in eddy-making 

28 Uniform and varying motion — Let ab (Fig 2G) 
represent a path along winch fluid particles are moving If 
the aclocitj of a particle a is constant 

along the path the motion is uniform, 

Fl( , n g if not it is raryinfj In the ordinary 

cases of turbulent motion it is said to 
be uniform if the general aclocitj of translation is constant, 
and varying if it is not constant In a canal of constant 
section the motion along the canal is usually uniform. In a 
mcr the section of which \ancs the motion is varying, that 
is, it is fistcr where the section 13 smaller, and slower where 
it is greater 
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constant If inflow is reckoned + and outflow — , the volume 
of flow for all the boundanes is 

2Q ~ 0 (6) 

In general the condition that the space should be con- 
tinuously filled is that the pressure must be a thrust every- 
where throughout the space If water contains air in solution 
as is ordinarily the case, the air is disengaged, and there is a 
break in continuity if the thrust falls below a certain value, 
depending on the amount of air jd solution 

Let Aj, A 3 be two cross sections of a stream flowing m 
ngid boundaries, and Y , V 2 the normal velocities at those 
sections Then from the principle of continuity 


Vj_A, 

vr^ 


M, 


that is, the normal velocities are mveisely as the areas of the 
cross sections. This is true of the mean velocities if at each 


section the velocity of the stream vanes In a river of vary- 
ing slope the velocity varies with the slope It is easy, there- 
fore, to see that in parts of 
large cross section the slope 
is smaller than m parts of 
small cross section 

If we conceive a spice 
in a liquid bounded by 
normal sections at A v A 2 , 
F , g 30 and between A„ A s by 

stream hues (Fig 30), then, 
as there is no flow across the stream lines 



V 2 A, 


(7). 


as in a stream With rigid boundaries 

30 Application of the principle of the conservation of 
energy to stream-line motion Bernoulli's theorem 

Let AB (Fig 31) be any one elementary stream m a 
steadily moving fluid mass. Then from the steadiuess of the 
motion AB is a fixed pith in spice, and tho fluid m it may 
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Tig 31 


be regarded as flowing in a tube Let 00 bo tlio freo surface 
level, and XX any horizontal datum plane Let w be the area 
of a normal cross section, v the % elocity , p the pressure, and z 
the elevation abo\e the datum plane at A, and v u p v s u the 
corresponding quantities at 

B, and let Q be the flow m ■ ^ _ JLj 

unit time Suppose that ss==s- =-=s= ' 
m a short time t, AB comes A, 
to AU Then AA'bK 
and BB' = v^, and the % ol- 
umes of flmd AA f, BB', 
the equal inflow and out- 
flow = Q£ = Cdl £ = Qjljf If 
all frictional or a iscous re 
sistances are absent the 
work of the external forces 
will be equal to the change of kinetic energy 

The normal pressures on the surface of AB, except at the 
ends, are everywhere perpendicular to the direction of motion 
and do no work Hence the external forces to be reckoned 
are the pressures on the ends and gravity The work of 
gravity when AB falls to A'B' is the same as if AA' were 
transferred to BB' That is 

"Work of gravity =* GQ/(z - 3j) foot-pounds 
The work of the pressures on the ends, reckoning that at B 
negative because it opposes motion, is (pressure x volume 
described) 

part -p^jT j< = Q*(p— Pi) 

The change of kinetic energy in the time t is the difference of 
the kinetic energy of AA' and BB' for in the space A'B the 
energy is unchanged when the motion is steady 

The mass of AA' or BB' is ~Q£, and the change of kinetic 
9 

energy in t seconds is 


wCi'O 


Equating work expended and change of kinetic energy, 
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imperfect, and there is a drag in the direction of the motion 
of the water 

Let Tig 37 represent two cisterns A and E provided with 
a converging pipe 3 and a diverging pipe D The water will 
flow from A, cross the gap C, and fill E, till the level m it is 
nearly the same as m A The pressure head h at the datum 
line XX m A becomes a velocity head v 2 j2g at the gap, and 
is reconverted into a pressure head nearly equal to h in E 
There is a small loss due to inexact correspondence of the 
orifices and to eddy loss In the jet crossing the gap there is 



no pressure except the atmospheric pressure acting uniformly 
throughout the system. 

31a Variation of pressure across the stream lines m 
two-dimensional motions 1 — Let AB, CD be two stream lines 
in the plane of the figure (Fig 37a) Along the stream lines 
the vanation of pressure and velocity is determined by 
Bernoulli s theorem Normal to the plane of the figure, since 
the stream lines are parallel, the distribution of pressure is 
hydrostatic. There remains the direction m the plane of the 
figure and along the ridius of curtature, that is the direction 
PQ Let PQ be particles moving along the stream lines at 
a distance VQs=ds and let c be the deration above a datum 

1 See Cottml] • On the Distribution of Fnergy in a Mass of Until in Steady 

Motion Phil Hag February 1878 
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plane, p the pressure, nnd r the aelocity nt Q. At Q the 
total head or energy per pound of fluid is 

U 2g 

Differentiating, the increment of head between Q nnd P is 


Put dz = ds cos tf>, 


... , dp vdr 

dU*=d:+-i\ + — • 

G g 

rfll “ fr + + ds cos ^ 

G g 


where the last term disappears when the motion is in a 
horizontal plane. 



Fig 37a 


Imagine a email cylinder of section &> described round PQ 
as an axis. This will be m equilibrium under the action of 
its weight G cods ; the pressures on its ends pea and (p + dp)co , 
and its centrifugal force actmg along the radius of curvature 


and equal to where r is the radius of curvature at Q 


Taking components parallel to PQ, 


4 
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• -nth - Gu> 


5 <**h 


'[p_(i : 
0 \yr 


-cos 




(12) 


Introducing this m (11), the increment of held between Q ami 
1* is 


rfll=^f» + ?- . , (13) 

gr P 1 


Corollary. — If the atrearn lines are straight mid jxiriHeJ 
in n horizontal piano, r is infinite and tlio increment of hevl 
across the stream lines is vdrjg ComiKiring this with (11), 
tfpjG » 0, or the pnssurc is uniform in a direction nontnl to 
the stream lines. If tho stream lines are Mmight and junlM 
in a acrtical plane dll ^vdr/g, and comparing this with (11) 
dp/G « ds tos $ t= dz, or y/G 4* : *=• constant, that is, the pressure 
along a aertitnl \nrua hjdrosUtic.ill), or in the fame wax its 
m a Hind at last. 

32. Radiating current. — Sup|*ro water rupphed Meidilx 
at the centre and Mowing outwards bctxxci n two jurdh 1 1 lxtcs 
at a dntame d apirt (I*ig 38). l'rom the nrnforimtv »f 
conditions the Ptr» tin lines will 1 m* stmight and ndid O «■ 
a no two c \ lindne nations of ihecumnt «t radii r, and r. 
win re the xtlocitin are r, ami t.. and th»* pn.-uit»i j*j nml/ r 
Since the fioxv nr*ro«s < icli Nation inu*t !■* tlie fan e. 


Q *« Srfy/r, »* Cr rjlfp 
r,r, « r t r r 

z* m r t. 

r t r l 

Th** xtl*ii} xartu inumlr n s th*» ndi A and w -If !•* 

lufir iS* at th«* o ntre if t* r rahd 1* < » u j! I l <■ * fi* 

T! *■ t *i *i l«*i:s,* r*« x W, 


11" 


r i 


rrh 

(* 
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HI 


or in another form 


G ijr,* 


<»«) 


Hence the pressure increases from the interior outwards in a 
way indicated by the pressure columns in Jig 33. In the 


plane of the figure the curve 
through the pressure column 
tops, or curve of the free 
furfico, is a qua*) byjerboh 
of the form ryVe* Tins 
curve is asymptotic to the 
vertical axis of the current 
and to a horizontal lino II 
feet af»ovc the plane from 
which the j rr««ures nre imas 
im 1 It is worth noting 

that if the discharge is into 
the air the ] rt c '<in j JG at 
the cjrcutnhnnee is atrno 
» phene pns*urr Jill tli* | r» •* 
Hires at Ihs nln art t iull«r 
than at nxej lu rif jrv*«un 
lienee the to’al j»rt m 
itt m i\ i tin top I late is pi i'ir 
than tint Is low it an) if th« 
t< ]» ] lnt< )» 1 >w> it V i U 
It n 1 to ajjinwh the ) w«r 
] hie an 1 it i to te» h f- i 
it 




U ?* 


Tree circular vortex \ fn» « • ’ • i •* j e » r- 
V Iv .1 * In w i * • ** 1* w 1 » * | 1 t t 1 • t * r < « '• 

i nl * m I in v* i ’ t'» t 1 * ' * ■* i ’ » »i 1 

tl« h i»f lit i, M« «• i » « • j. 

the Vl’tr »’•*.%« ’ * » ! tt t “ i *» 

>•'* >' r >' • ■» J • I I' • • . ] • i 

thr t M « f l* i » H l * ’ } • , « 

1.1 H * MI *' l* S * ’*,*.» 

! e i*l 0« » - i* • r - 
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rfH=f? + — =0 
G 9 


{ 15 ) 


Consider two stream lines at radu r and r+dr (Fig 38J 
Then m eq (13) r = r and ds = dr, 

t s , rdr 
~dr+ — *0, 
g 


dv 


dr 


reel (16), 

r 

precisely ns in a radiating current , and hence the distribution 
of pressure is the same, and formula 14 and 14a are applic 
able to this case 

Free spiral vortex. — As m a radiating and circular 
current tlio equations of motion ore the same, they will also 
apply to a \ ortex in which the motion is compounded of these 
motions in any proportions, provided the radial component oi 
tho motion a anes inversely as the ndius as in a radnl current, 
and tho tangential component vanes inversely as the radius 
ns in a free vortex Then the whole aelocity at any point 
will bo imerselj proportional to the radius of the point, an 
tho flmd will describe stream lines having a constant me na- 
tion to the ndius drawn to the axis of the current That is, 
tho stre uu lines wall bo logarithmic ^ural*. "When water is 
delia-ered from the circumference of a centrifugal pump or 
turbmo into a chamber, it forms a free a ortex of this km 
Tho water flows ‘qnnlly outwards its velocity diminis mg 
and its pressure increasing according to tho law stated n o'e, 
and tho head along each spiral stream line is constant 

33 Forced vortex.— -If tho law of motion m a rotating 
curruit is difft.it nt from that in a free vortex, some owe 
must lw applied to cau-o tho variation of aelocit) 1 
sunpUst ease ia that of a rotating current in which al >c 
particles Imo equal angular xeloeita, ns for instance aa en 
tin} ana ilrmn round In radiatmcr puddles ixaolaing uni orm ) 
Then m equiticm (1”) coa^idiring taro circular stream m 
of ridu r and r + (Iig *»U) no haac r *= r. ds = or 
nttgular ailixitj n o tlun t *=or nnd rfrwnfr llcnct- 
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, TT at, c?rdr 2a*r . 
rfH - — dr + dr 


Comparing this with cq (11), and putting 0, because the 
motion is horizontal, 

dp ardr 2 a ? r 
n + — — - = — dr, 

G g g 


dp _ a “r 


dr. 


p a z r- 

- -r— + constant 
G 2g 


(17) 


Let p u r v rj be the pressure, radius, and velocity at one 
cylindrical section, p 3 r„, t. 
those at another, then 


T\_°lL 
G 2. 


G 2 g * 


= (18 ) 

That is, the pressure increases 
from within outwards in a 
curve which in radial sections 
is a parabola, and surfaces of 
equal pressure are paraboloids 
of re\olution (Fig 39) This 
case corresponds to a crude 
form of centrifugal pump 
Apart from a small head pro 
ducing the radial flow, the lift 


of the pump is 


(?!-■?>■) 


feet. 



where p 2 and p, are the pres 
sures at the outlet and inlet 
of the pump disc. 

34 Venturi meter — An Fig 39 

extremely beautiful application 

of this principle has been made by Mr Clemens Herschel, in 
the construction of what he has* termed the Venturi meter 
for measuring water flowing m pipes. Suppose in any water- 
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main a contraction is made (Fig 40), the change of section 
being very gradual to avoid the production of eddies The 
ratio p of the sections at inlet and throat is m actual meters 
between 5 to 1 and 20 to 1, and is very carefully determined 
by the maker of the meter. Then the ratio of the velocity v 
in the mam and the velocity u at the throat is definitely 
known Now suppose glass tubes, “piezometer tubes” they 
are sometimes called, are inserted, in which the water ascends 
to a height which measures the pressure Since the velocity 
is greater at the throat than in the mam, the pressure will 



be less and the pressure head h 2 will be less than hi, and this 
is a quantity easily observed. Using Bernoulli's equation, 


, v 2 , 

\ + ! + 


u* 

2g 


or putting u = pv, where p is the ratio of the cross sections. 


V 



- (^i ~ 




from which the -velocity at the throat can be determined if 
the Venturi head 7ij — h 2 is observed, and the ratio p of 
the sections is known But if u and the area at the tliroat 



lit 


PRINCIPLES OF HYDRAULICS 


55 


nre known, the discharge of the meter is known Let fl be 
the section of the pipe, then fl/p is the section at tho throat 
For simplicity let A, — h 9 — k Then the discharge is 

W{;£} <20 > 

Hence, by a simple observation of the piczometnc heights, 
the flow in the main at any moment can be determined. 
Notice that if n third piezometer is introduced whero the 
water has regained its original section and velocity, tho piezo* 
metric height will bo the same as at first, except for a small 
loss due to the fact that the motion is not quite non sinuous, 
and that some eddies are generated in tho meter 

In order to get tho pressure bead nt the throat very exactly , 
Mr Herschel surrounds tho throat with an annular passage 
communicating with tho throat by small holes, sometimes 
formed in vulcanite plugs to prevent corrosion 

Although constructed to 6ecurc as far as possible non- 
sinuous motion, the eddy motion cannot be entirely prevented 
in tho Venturi meter The mam effect of this is to cause a 
loss of head between the two ends of the meter, varying between 
1 foot and 5 feet according to the velocity through the meter 
But the eddying also affects the difference of head at inlet and 
throat, from which the discharge through the meter is 
calculated, consequently, even with this meter, an experi- 
mental coefficient must be introduced, determined by tank 
measurement However, the range of this coefficient is 
surprisingly Bmall Mr Herschel found coefficients ranging 
between 0 97 and 1 0 for throat velocities varying between 8 
feet per second and 28 feet per second, or inlet velocities 
varying between 0 9 foot per second and 3 1 feet per second 
Puttmg eq (20) in the form 

Q = c ft per sec (20a), 

where c is the coefficient of the meter, the mean value of c is 
0 972, and it is rather smaller for small values and greater fox 
large values of the Venturi head h It is stated to be desirable 
that the throat velocity should he 15 to 40 feet per second 
If the Venturi head is measured by a mercury siphon gauge, let 
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h m be the difference of level in the gauge in inches, and let 
13 59 be the density of mercury Then the Ventun head m 
feet of water is 

*= A »“ 1 049/, ’» < 21 > 

Mr Kent of Holborn has constructed two meters for 
94-inch mams at the reservoir works at Staines The coned 
parts are of riveted steel plates, and have a total length of 84 
feet The throat ratio is I to 7, and they can register a flow 
varying from 400,000 to 6,000,000 gallons per hour Two 
still larger meters are being constructed for a pumping station 
at Dm in the Madras Presidency The main pipes are 120 
inches m diameter The upstream cones are of steel phte 
bedded in concrete, and the downstream cones of concrete only 
Each meter can register from 1 to 11 million gallons per 
hour Various forms of recording apparatus have been used 
with the meter In one, a line proportional in length to the 
discharge is drawn on the recording drum at e\ ery quarter 
hour or other predetermined interval In another, a line is 
drawn showing the Venturi head at each instant An in 
tegrating arrangement is also used, the total flow for any given 
time being shown by a counter 

35 Principle of the conservation of momentum —If a 
force P acts on a body of weight W, or mass m — "W/g , moving 
in the direction of P, the change of velocity from v x to v 2 in 
time t is given by the relation 

Yt = fn(t 2 - tj) = -~{fo - 1,) (22), 

where Yt in second-pounds is termed the impulse of the force, 
and wi(r 2 — i?j) the change of momentum Thus the tmqndse 
of a force is equal to the change of momentum in the direction 
of the force Conversely, if the body suffers a decrease of 
momentum due to a change of >elocity from r 3 to i v it 
evert an impulse of P* second pounds in the direction of the 
change of momentum. The principle of momentum is of 
special use in hydraulics, because it can be applied irrespectncJy 
of tho mutual action of the particles and of their actual motions, 
onlj their velocity components m the direction considered 
being required 
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3G Relation of pressure and velocity in a stream in 
steady motion when the changes of section of the stream 
are abrupt — When a stream changes section abruptly, rotating 
eddies arc formed which dissipate energj The energy absorbed 
in producing rotation is at once abstracted from that effective 
m causing the flow, and sooner or later it is wasted by 
frictional resistances due 
to the rapid relative 
motion of the eddying 
parts of the fluid The 
energy thus lost is com 
monly termed energy lost 
in shock Suppose Fig 
41 to represent a 6tream 
having such an abrupt 
change of section. Let 
AB, CD be normal see 
tions at points where ordinary 6tream line motion has not 
been disturbed and whero it has been re established Let 
to, p, v be the area of section, pressure and velocity at AB 
and p„ r, corresponding quantities at CD Then if no work 
were expended internally, and assuming the stream horizontal 



But if work is expended m producing irregular eddying motion, 
the head at the section CD will be diminished 

Suppose the mass ABCD comes in a short time t to A'B'C'D' 
The resultant force parallel to the axis of the stream is 

+ i’ofal -<■»)- Pl«l» 

where p 0 is put for the unknown pressure on the annular space 
between AB and EF The impulse of that force is 

{pia+PoK-aO-iW* 

The horizontal change of momentum in the same time is the 
difference of the momenta of CDC'D' and ABA^', because the 
amount of momentum between A'B' and CD remains unchanged 
if the motion is steady The volume of ABA'S' or CDC'D' 
being the inflow and outflow in the time t is Qt = colt = eo^t 
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and the momentum of these masses is — Oil and — QvJ The 

9 9 1 

Q 

change of momentum la therefore — Q ffo - v) Equating this 

to the impulse, 

{P“ +.Po("i “ “) - o) 

Assume that p g —p, the pressure at AB extending unchanged 
through the portions of fluid in contact- with AE, BF which 
lie out of the path of the stream Then (since ! Q = oqt’,) 

G ~ g 

Z + £ = h + 2 + tl!!ll (24 a) 

G 2 g G + 2 g* 2, 1 K 1 

This differs from the expression obtained for cases where no 
sensible internal work is done, by the last term on the nght 

That is, — 2 ~ - has to be added to the total head at CD, which 

Pi V, 2 « . (t) — Dj) 2 

is ^ to make it equal to the total head at AB, or — ^ 
is the head lost m shock at the abrupt change of section 
But v~Vi is the relative velocity of the two parts of the 
stream Hence, when an abrupt change of section occurs, the 

(v - v^Y 

head due to the relative velocity is lost m shock, or ^ 
foot-pounds of energy is wasted for each pound of fluid 
Experiment verifies this result, so that the assumption that 
p a ~P appears to be admissible. 

If there is no shock, 


If there is shock, 


Pi-P , 

G G 2g 

Pi„P v *( v \ ~ g ) 
G"G~ g 


Hence the pressure head at CD in the second case is less than 
in the former by the quantity 
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fr-O 1 

2 9 


or, putting ofa = w v, by the quantity 



The labynnth piston packing. — Pistons for pumps are 
sometimes made with a series of circumferential 
recesses without any other packing The passage 
between tho cylinder and piston then consists of n 
wide spaces of cross section A and n + 1 spaces of 
smaller cross section a Let Q be the amount of 
leakage per second. Then the velocity m the narrow Fl „ 42 
passages is Q/a, and that m the wide passages is 
Q/A At each change of velocity in passing from a narrow 
to a wide passage there will be a loss of head 



And as the energy m the last narrow passage is also wasted 
the whole loss of head 13 



£ 

2 ? 


K-iH]. 


which when A is large compared with a tends to the limit 


n + 1 
-9 o 


As the total difference of head between the two sides of tho 
piston which produces the leakage is a fixed quantity, the 
greater tho head wasted the smaller the leakage The larger 
n and tho smaller a tho less will bo the leakage There ore 
m addition some resistances in the small passages which are 
not included in tins reckoning 


I’l Ot EEUs 

1 A pipe AB, 100 fret lonp, has an inclination upwards of 1 in 4 
The head due to the pressure at A u 50 fret, the Telocity is 
4 feet per ereond, and the section of the pipe is 3 aquire feet. 
Find the head due to the pressure at B, where the aection is 
1} squire fret. 23 fret. 
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2 The injection orifice of a condenser is at 12 feet below the surface 

of supply tank. The condenser gauge shows a pressure of 6 
inches of mercury Neglecting frictional resistances, find the 
velocity at which water will enter the condenser 

60 9 ft per sec. 

3 A Venturi meter has a diameter of 4 feet in the large part and 

1 25 fee t m the throat With water flowing through it, the 
pressure head is 100 feet in the large part and 85 feet at the 
throat Find the velocity in the small part and the discharge 
through the meter Coefficient of meter taken as unity 

38 3 a ft per sec. 

4 Ten cubic feet of water are discharged by a pipe per second under 

a total head of 100 feet Find h p of the stream. 113 

5 Water flows radially outwards between two parallel plates. At 

2 feet radius the pressure head is 10 feet and the velocity is 

10 feet per second Find the pressure and velocity at 4 feet 
radius. 10 ft per 6ec., 14 7 ft 

6 Ten cubic feet of water per second flow through a pipe of 1 square 

foot area, which suddenly enlarges to 4 square feet area. Taking 
the pressure at 100 lbs. per square foot in the smaller part of 
the pipe, find (1) the head lost in shock , (2) the pressure in 
the larger part, (3) the work expended in forcing the water 
through the enlargement, (4) the rise of temperature of the 
water at the enlargement 

0 87 ft, 136 lbs. per sq in , 645 ft lbs. per sec., 0 07* T 

7 A centrifugal pump with radial 'vanes lias diameters of 1 foot 

inside and 2 feet outside It revolves 360 times per minute, 
rind the pressure height produced in the pump 16 6 ft 

8 A Venturi incter is 3 feet m diameter at each end and 1 foot in 

- diameter at the throat Find the Venturi head when the inlet 
velocity is 3 feet per second Coefficient 0 97 10 53 ft 

9 Find the energy stored per cubic foot of water in an accumulator 

loaded to 700 lbs. per square inch 100,800 ft lbs. 

10 Jn a Venturi meter the diameters at inlet and throat are 12 

mclies and. 5 inches.. With water flowing through the meter, 
the Venturi head is observed to be 6 inches of mcrcurj find 
the discharge 20 c. ft per sec. 
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DISCHAPGF FROM ORIFICES 

37 Experimental observations — Some simple laws govern- 
ing the discharge from orifices ore directly indicated by 
simple observations. Suppose a 
reservoir arranged as shown m 
Fig 43, with a horizontal orifice 
h feet below the free surface and 
a vertical jet That this condition 
may be permanent, and the flow 
steady, water must be supplied 
continuously at the free surface 
at the rate at which it is dis- 
charged by the jet The jet rises 
very nearly to the free suiface 
level in the reservoir, and the 
small difference h r may reasonably 
be attributed to small resistances 
of the air or orifice Neglecting 
this Bmall quantit}, particles 
which nse freely to a height h Fig 43 

must have issued from the onfice 
with a \ elocity given by the relation 

v = ft per sec (1) 

This relation was first diseo\ ered by Torricelli and Bernoulli. 
If the orifice is of a proper conoidal form, the section of the 
jet at the onfice is equal to the area of the onfice, and the 
elementary streams forming the jet are normal to the onfice 
I/Jt « be the area of the onfice Then (§ 29) the discharge 
must be, neglecting the small resistances. 
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H H, 


H, 


B — 




dh 


Q = W=ta s/{2gh) 

= 8 023w \/h c ft per sec (la) 

The actual velocity and discharge will he slightly less than 
this if the resistances are considered 

In the case of a horizontal orifice the head is the same 
at all parts of the orifice But equations (1) and (la) are 
used also for the more ordinary 
case in which the orifice is 
vertical, and the head \anes at 
different parts of the on Gee, 
and it is necessary to inquire 
how far this is justifiable In 
the case of vertical orifices the 
head h is taken to be the head 
measured to the centre of the 
orifice Consider a conoid'll 
rectangular orifice such that the 
section of the jet is identical 
with the area of the outlet of the onfice (Fig 44) Let Hj 
be the head at the top edge, and H, that at the bottom edge 
of the orifice, and B its breadth The area is B(H„ — Hj) 
and the mean head is h = ^(H 2 -f HJ Tatting these vilues 
m eq (la), 

Q = B(H 3 - Hj) fr(H 2 + Hj)}, 

and the velocity of discharge the same at all parts of the 
orifice, on the assumption that the \anation of head is 
negligible, is — 

*i ® v / '{?(H. + HJ) 

Consider a horizontal lamina issuing between the le\cls If and 
II -f dll Its area is Bill, and the discharge is Rdll 
The discharge of the whole orifice is 


Ftg U 


Q = IV 


^ II 
J n, 


Ilbtfl 




(=) 


Hence the mean aclocitj when the variation of head is taken 
into the reckoning is 
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Equating the two expressions for v a . 



Thus if c„« 0 97, c r = 0 0628 , and if 0 98, c,= 0 0412 
The work of gravity on each pound of water descending 
from the free surface level to the orifice is h ft -lbs , and if 
unresisted the water would acquire v z j2g ft-lbs. of kinetic 
energy The actual energy of the jet is only v*j2g = h e ft- 
lbs per pound Hence h T = c r v*j2g ft -lbs per pound is the 
energy wasted in overcoming resistances "With the values of 
c r given above, from 6^ to 4-k per cent of the head is wasted 



Coefficient of contraction —When a jet issues from an 
orifice it may either spring clear from the inner edge of the 
orifice os at a or 6 (Fig 45), or it may adhere to the aides of 
the orifice as at c The former condition always obtains if the 
orifice is bevelled to a sharp edge as at a, and generally or 
cylindrical orifices such as b if the thickness of the plate is 
not more than the diameter of the orifice If the pla e 
thickness is 14 times the diameter of the orifice or more, the 
condition shown at c obtains, and it is convenient to is 
tinguish orifices of that kind ns mouthpieces. At e the jet 
issues “ full bore,” or of the same diameter as the orifice, but 
m the other cases the jet contracts to a diameter smaller than 
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the orifice in consequence of the convergence of the streams 
which make up the jet 

Let to be the area of the orifice and e c &> the contracted area 
of the jet Then c e is a coefficient to be determined cxperi 
mentally, called the coefficient of contraction which is found 
to be nearly constant for certain types of orifice For sharp 
edged or virtually sharp-edged orifices such as those shown in 
« and b the average value of c e is 0 64 but with different 
kinds of orifice its value may range from 0 5 to I 0 With 
c*=0 64 the diameter of the contracted 
section of a circular jet is 0 8 of the 
diameter of the onficc. 

It may be noted that as the stream 
lines are curved when approaching the 
contracted section there is a centrifugal 
pressure across the stream lines (Fig 46) 

Hence the pressure is greater and the 
velocity less towards the centre of the 
convening jet At the contracted section 
the stream lines become parallel the 
pressure is uniform and probably the velocity nearly uniform 

Coefficient of discharge — The discharge Q = tuu is 
diminished partly by reduc 
tion of velocity partly by 
contraction of section Hence 
the actual discharge is 

Qa = C v V x C e w - Cfyto >s/2gh 

or if c c c v = c which is termed 
the coefficient of discharge 

= (T) 

For sharp edged plane on 
fices c averages about 0 975 
X 0 64 = 0 62 But exact 
values for different cases will 
Fi g 47 be given presently 

39 Experimental de 
termination of c„ c e and c — To determine the coefficient of 
contraction the section of the jet must be measured at a distance 
from the orifice equal to about half its diameter Fig 47 shows 

E 
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an arrangement of set-screws winch can be set to touch the 
jet, and the distance between them afterwards measured 
"When the orifice is not circular the measurement is difficult, 

because the section 
of the jet is not ex- 
actly similar to the 
orifice 

The coefficient of 
velocity is most easily 
found by measuring 
the parabolic path of 
a horizontal jet Let 
OAB (Fig 48) be 
the path of the jet 
Take OX.OYas hori- 
zontal and vertical 
co ordinate axes Let 
h be the head over 
the centre of the 
orifice, and x, y the co ordinates of any point A If v a is the 
horizontal velocity of the jet, and t the time in which a particle 
falls from O to A, 



X - Vgt y 


S' = 2 ^ 


consequently 


7(f^ = \/( 4$) 


As a check, other co ordinates, such as Xj y lt should be measured. 
In principle, the coefficient of velocity could be found by 
measuring the height k e (Fig 43) to which a vertical jet rises 
under a head h Then 

c '" \/ it)’ 


but, except for moderately small heads, the measurement is 
difficult 

In practical hydraulics the coefficient of discharge is much 
moro important than the others, and it can bo determined with 
\ery great accuracy by tank measurement In Fig 49 is 
shown an arrangement of a measuring tank for gauging the 
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flow from an orifice or notcfi The onficc is placed at the end 
of the resen oir A, and discharges into the waste channel C, 
and the water flows to waste at F A trough on rollers B can 
bo slid under the jet, and then delivers the water into the 
measuring tank D In the tank is a stilling screen S, and an 
outlet valve E Means are prouded for aery accurately 
measuring the water-level at the beginning and end of a 
convenient interval of time, and the area of the tank must be 
carefully determined Let the water be discharged into the 
tank for t seconds, during which the level in the reservoir of 



area A mes H, — H t feet, and let h be the head at the orifice, 
and &> its area. 




Cco \^2 gh cubic feet por second, 
. (H 2 -H,)A 
J(2gh)ut 


All the required measurements can be made with great 
accuracy, especially if the tank is large enough to contain the 
flow during ten or fifteen minutes 

40 Use of onfices in measuring water — The Romans 
used orifices of bronze to deliver regulated quantities of water 
from the aqueducts to consumers The unit of discharge was 
that from an orifice 0 907 inches diameter, and was termed a 
qumana Fifteen sizes were used, the largest being 8 964 inches 
diameter, and delivering 97 qumarue. The discharge was 
assumed to be proportional to the area of the onfice, and 
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an arrangement of 6ct-screws which can be Bet to touch the 
jet, and the distance between them afterwards measured 
When the orifice is not circular the measurement is difficult, 

because the section 
of the jet is not ex- 
actly similar to the 
orifice 

The coefficient of 
\ eloeity is most easily 
found by measuring 
the parabolic path of 
a horizontal jet Let 
OAB (Fig 48) be 
the path of the jet 
Take OX OYas hori- 
zontal and vertical 
co ordinate axes Let 
h be the head over 
the centre of the 
orifice, and x, y the co ordinates of any point A Jf v„ is the 
horizontal velocity of the jet, and t the time m which a particle 
falls from O to A, 

V©' 



Pig 48 


= v a!, V = , 


consequently 


‘ •S&gh) 




As a check, other co ordinates, such as x lf y v should be measured. 
In principle, the coefficient of velocity could be found by 
measuring the height h 4 (Fig 43) to winch a vertical jet rises 
under a head h Then 

c ' = 7(^) = \/(r)* 

but, except for moderately small heads, the measurement i s 
difficult 

In practical hydraulics the coefficient of discharge is muc i 
more important than the others, and it can be determined wit 
very great accuracy by tank measurement In Fig 49 is 
shown an arrangement of a measuring tank for gauging the 
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flow from an orifice or notch The orifice is placed at the end 
of the rescnoir A, and discharges into the waste channel C, 
and the water flows to waste at F A trough on rollers B can 
be slid under the jet, and then delivers the water into the 
measuring tank D In the tank is a stilling screen S, and an 
outlet \al\e E Means are prouded for \cry accurately 
measuring the water- le\ el at the beginning and end of a 
con\cmcnt intenal of time, and the area of the tank must be 
carefully determined. let the water be discharged into the 
tank for t seconds, daring which the level in the reservoir of 



Fig 49 


area A rises H. — H, feet, and let h be the head at the onfice, 
and co its area. 


Q- 


(H,-H,)A 


= Co* •y 2 gh cubic feet per second, 
_ (H 2 - H t )A 
J(2gh)ut 


( 8 ) 


All the required measurements can be made with great 
accuracy, especially if the tank is large enough to contain the 
flow during ten or fifteen minutes. 

40 Use of orifices in measuring- water — The Romans 
used orifices of bronze to delner regulated quantities of water 
from the aqueducts to consumers. The unit of discharge was 
that from an onfice 0 907 inches diameter, and was termed a 
quinana Fifteen sizes were used, the largest being 8 964 inches 
diameter, and delivering 97 qumarue. The discharge was 
assumed to be proportional to the area of the onfice, and 
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although it was known that the discharge depended m gome 
way on the head, the arrangements adopted to secure approxi 
mate uniformity of head in different cases aie not known and 
appear to ha\e been imperfect (fiontnms, Dc Aquis, translated 
by Herschel) 

In the case of the irrigation works of Northern Italy the 
water was supplied to estates through orifices, termed modules, 
for which the height and head were legally fixed, and the 
width varied according to the amount of water required Tins 
is an almost exact way of delivering a measured quantity of 
water The Sardinian unit module was an orifice 0 G56 feet 
square with a head of 0 656 above the top edge, delivering 
about 2 cubic feet per second. 

An old measure of the discharge of the same kind was the 
so-called water inch, defined by some of the older Trench 
hydraulicians as the discharge of an orifice one inch in 
diameter, with a head of one line above the top edge In the 
mining district of California a similar method was used in 
supplying water to different mines from a supply channel 
The unit of discharge was termed the miner's inch, and was 
the discharge through one square inch of orifice with a head 
of 6^ inches or about 1 5 cubic feet per minute But as the 
form of the orifice and the head were not defined as carefully 
as m the Italian regulations, the valuo of the minor’s men 
vaned a good deal in different districts Lntor legal dcfmi 
tiona of the miners inch were adopted, varying in different 
cases from 1 5 to 1 2 cubic feet per minute 

In delivering compensation water from reservoirs to 
streams in this countrj an orifice is used, fcho head on which 
is regulated so as to bo constant The arrangement is such 
that any npirian owner interested m tbo flow in the stream 
can at nn> tune sec whether the proper bead, and therefore the 
proper discharge, is maintained. 

41 Measurement of the head over an orifice — The 
most convenient wi} of measuring tbo be id over an orifice jo 
a tank is bj a gauge glass, scale and vernier (Fig 50). A 
bar AA is rigid/} attached to tbo tank, having a slot m 
which tho scale JIB slides The scab bos at tbo bottom an 
adjusting screw bj which its ia.ro can be set cxactl} to the 
level of the centre of the orifice A slider C, with a fingvr 



P1SC1TAKGK FKOM OKI KICKS 


projecting ncro-' the gauge glw, nl«o a vernier rending 
on the sente. The rente n mn«t conveniently divided into 
feel, tenth', and hundredths of n foot. The vernier then 
rends to 0 001 foot. The zero of the sente can be proper!) 




fixed by very carefully levelling a surface plate between the 
orifice and scale, and transferring the centre of the orifice to the 
scale by a scribing bloch. 

Another method of measuring the head is by using a float 
If the float has a cord passing over a pulley, a finger attached 
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to the pulley will give a magnified motion winch can be read 
on a dial In this case the zero of the scale can be deter- 
mined by bringing the water level exactly to the lower edge 
of the orifice and noting the reading on the fingei of the 
dial 

A more accurate method of determining the exact water- 
level is the use of the hook gauge, invented by Mr V 
Boyden in 1840 It consists of a fixed frame with sliding 
scale and vernier (Fig 51) The vernier is fixed to the frame, 
and the scale slides vertically The scale carries at its lower 
end a hook with a fine point, and the scale carrying the hook 
can be raised or lowered very slowly by a fine pitched screw 
If the hook is depressed below the water surface and then 
laised gradually by the screw, the moment of its reaching the 
water surface will be very clearly marked by a sudden re 
flection from a small capillary elevation of the water surface 
over the point of the hook In good light differences of level 
of 0 0001 of a foot arc easily detected by the hook gauge 
The gauge is specially useful m measuring the head over 
weirs which requires to be determined very accurately The 
point of the hook should be set by levelling very exactl) at 
the level of the weir crest, and a reading taken Then the 
difference of any reading of the water level and this rending is 
the head on the weir It is generally convenient to place tho 
hook gauge m a small cistern, communicating with the stream 
passing over the weir by a pipe The water level m such a 
cistern fluctuates less than m the stream, and tho gauge is 
more casil) read 

42 Coefficients for bellmouths or conoidal orifices 
"When a kcllraouth is formed so as to contract gradually, nud 
finally become cylindric, when m fact it has nearly the form 
of a contracting jet, the contraction occurs within tho mouth- 
piece mid there is no further contraction beyond it 'l he 
section of the jet is then equal to tho area w of the smaller 
end of tho moutlipicco c f = 1, nud e r for moderate heads is 
about 0 97, which is also tho value of c, 

Q = <yj \/(2^A) (9) 

lor such nu orifice "Wo is bach 1ms found the following 
values of the coefficients with different heads — - 
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n 


Head orer Orifice in Feet=A. 

•66 

1-61 

111* 

55 77 

337-°3. 

Coefficient of velocity = e T 

•959 

■9G7 

-975 

-994 

■994 

Coefficient of resistance = c r 

-0S7 

■069 

*052 

•012 

■012 


Iig 52 shows a conoidal mouthpiece of approximatel} 
correct form 



43 Coefficients for sharp-edged onficcs with complete 
contraction — Orifices are used in m<asunng the rate of Cow 
of water If the flow IS discharged through nn onCce, 
and the head at the onfico me\«uml the rate of Cow can l«» 
determined, provided tlie coefficients of t! e onfc* are known 
The onficc v. Incl* can 1« cnn*truc'»d and tuia«-nd with mo*t 
accuracy is n circular hole in a con jurat mlr t! in jla'e In 
1*0111111 ca'cs a res. ' angular aj« rti n i» noa rc-smir"!. 
Some times the edges of the hrh art hwllrtl (Jig 4 r a\ 1 -t 
this is not important and the «dgc i* i cr ha' '»• to r .n* 
Tin fm 1 is rot pa rail} u**d l* e «d*e t«r **g Ltj* as 
(‘part a* j*ov ill A larp. n» „»» c f « xj***v — *al avja’j 
has Ins n d ■> 10 in d '< i«g l' e c»s n r’!« ('i' * 

tvj* of aano s f -e- a* I u V** <1 * as' 1 r-i* fit'- rt-_!*t 
Imi Is't i ta' di'd nt',tf ’t r_v' l' - <xir' r a*. n i 
l»e f*W’<d t' r i" tv-j* v cc” - • -a t f 

iipaMirt'tn t'if dts’i»p c f di'jd’-i e-fr* i« t l- 
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found in Hamilton Smith's Hydraulics (London, 1886) where 
the results are discussed and plotted m curves In cases where 
great accuracy is important it is desirable that the coefficients 
for the particular orifice used should be determined by direct 
experiment Differences m the condition of the edge and the 
position of the orifice relatively to the walls of the reservoir 
cause variations of the coefficient which cannot be indicated in 
any tables 

Broadly, for large sharp edged orifices in plane surfaces, 
ana not near lateral boundaries, under moderately large heads, 
the coefficient of discharge has a fairly constant value not 
differing much from c = 0 595 The value of the coefficient 
is greater as the head is smaller, and as the area of the orifice 
is smaller For small orifices under comparatively small heads 
it may have the value c s= 0 650, an increase of 9 per cent 
The following tables contain values selected from Hamilton 
Smith s reductions, modified where necessary to be applicable 
m the ordinary formula 

Q = co>\/2 gh (10) 

For large vertical orifices under small heads there is a decrease 
of c 


Coefficient of Discharge c of Square Sharp Edged Orifices 
in Eq (10) 


Head over Centre 


Length of Side of Sq lare 

a Feet 


in Feet, h 








0 02 

0 03 

0 05 

0 10 

0 10 

1 00 

04 



637 

621 

1 


05 


648 

633 

619 

597 


07 

656 

642 

628 

016 

600 

582 

1-0 

648 

636 

622 

013 

602 

592 

1 6 

641 

629 

618 

610 

604 

599 

20 

637 

626 

015 

G08 

605 

600 

3-0 

632 

622 

612 

607 

605 

C02 

4-0 

628 

619 

610 

606 

605 

602 

6-0 

62G 

617 

610 

606 

604 

COS 

70 

621 

616 

608 

605 

604 

C02 

10-0 

616 

611 

606 

604 

603 

601 j 

20 0 

•GOG 

"605 

•603 

002 

601 

•COO 
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Coefficient of Discharge c for Circular Sharp-Edged Orifices 
in Eq. (10) 


Head over Centre 
m Feet, h. 

Diameter of Onfice in Feet 

0 02 

003 

0 05 

0 10 

0 40 

1 00 

04 



631 

618 



05 


643 

627 

615 

592 


07 

651 

637 

622 

611 

596 

579 

10 

644 

631 

617 

608 

597 

586 

1 5 

637 

625 

613 

605 

599 

592 

2-0 

632 

621 

610 

604 

599 

594 

30 

627 

617 

606 

603 

599 

597 

4-0 

623 

G14 

605 

602 

598 

596 

5-0 

620 

613 

605 

601 

598 

596 

7-0 

616 

G09 

603 

600 

598 

596 

100 

611 

606 

601 

598 

597 

595 

200 

601 

GOO 

598 

596 

596 

594 


Air Mair earned out a series of careful tests on the 
coefficient of discharge of circular onfices in conditions per- 
mitting exceptional accuracy of obsenation (Proc Inst Civil 
Engineers, lxxxiv, 1885-86) The following Table gives a » 
selection of the results — 


Valles of c in Eq (10) 




Diameter of Orifice in 

i”h f . 


Head in Feet. 

1 

>1 1 S , 2 J 

Diameter of Onfice in Feet. 

3 


083 

125 

167 

208 

250 

75 

0616 

0616 

0016 

0007 

0009 

1 5 

0610 

0011 

0 G10 

0003 

0005 

20 

0009 

0009 

0 COO 

0004 

0005 


The results agree closely with tho relation 
c = 0 0075 + _ 0-0037 J , 


where A is in feet and rf m inches. In the case of a 2-inch 
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oiifice a minute rounding of the square edge altered the coefit 
cient from 0 612 to 0 622 under the same conditions evactl) 

Mr Ellis measured indirectly by a weir the discharge 
fiom a sharp edged orifice 2 feet square, under heads ■varying 
from 2 to 3^- feet For h = 2 feet, c = 0 611 For the larger 
heads c was not sensibly different from 0 60 ( Trans Am Soc 
Civil Engineers, 1876) 

Rectangular orifices Experiments of Poncelet and 
Lesbros — For rectangular orifices there is a variation of the 
coefficient of discharge c both with the height a and the 
width 6 of the orifice But for ratios of bja not exceeding 20, 
it appears that c depends chiefly on the smaller dimension of 
the orifice independently of the other The following are a 
few values selected from the results obtained by Poncelet and 
Lesbios 7 i 2 is the head at the top edge of the orifice, so that 

the head to the centre of the orifice is h 2 + ~ T/ie discharge 
is therefore , , . 

Q = caV{2^ 0 + 5 )} (H) 

The sides of the channel of approach were at least 2|i 
from the vertical edges, and the bottom at least 2fcr from 
the lower edge of the orifice The head was measured not 
immediately at the orifice, but at somo distanco bach, whero 
the water was nearly at rest 


COFFFICIFNTS OF DlSCHAROF t FOR JtFCTANQUtAR OfimCES 
IN Fq (11) 


Head over 
Top Mgc 
of Orifice, 


ttilth, 

0 656 Feet 


1 Width, 

i 

lleigl t in F»ct a = 


1 Height 1 

Feet 

■0C56 

161 

32S 

650 

0650 

656 

OCC 

G50 

C 1 *5 

500 

572 

G4a 


1CI 

658 

G25 

G05 

585 

041 


328 

654 

cao 

Gil 

502 

030 


G'O 

G18 

C30 

G 15 

508 

G35 

G05 

1 G4 

G40 

028 

G17 

coa 

G30 


3 28 

caa 

620 

015 

GO 5 

C2( 


■1 02 

CIO 

G20 

Oil 

T02 

G23 


0 5G 

CIS 

GI3 

ro; 

GO I 

C20 


0 84 

CIO 

GOG 

roa 

■CO I 

015 


_ 


— 

— 


— 

~ 
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44 Submerged sharp edged orifices — If the orifice is 
drowned below the tail water the conditions of discharge are 
in no important way altered, except that the effective head is 
the difference of level of the free surface of the head and tail 
water As there is often some disturbance in the tail water 
near the orifice the level of the tail water should be taken at 
a point where the disturbance has subsided So far as is 
known, the coefficient of discharge is the same as for an orifice 
discharging in the air Some experiments by Hamilton Smith 
show that this must be very nearly the case 


Coefficient of Discraroe c in Eq (10) of Orifices drowned to 
the extent of 0 57 to 0 73 Feet (Hamiltov Smith) 


Circular, d=0 05 

Circular d 

= 01 

Square 0 05x005 

Square, 01x01 

Effective 


Fffective 


Effective 


Effective 


Head, 

h 

c 

Head, 
h 1 

c 

Head 

/< 

c 

Head, 

h 

c 

4 08 

602 

3 97 1 

539 

4 00 

607 

3 95 

605 

2 16 

604 

2-00 1 

601 

2 21 

609 

2 32 

604 

44 

618 

25 

605 

35 

620 

21 

612 


45 Orifice at the end of a channel — When the onfice 
is at the end of a channel the cross section of which H is not 
aery large compared with the area « of the onfice, the 
•selocity of approach to the orifice increases the discharge In 
that case the discharge is 


Q = fo 


/[.- 


VI 


2gh 

Qi 


•1 


02 ), 


the head h is measured at some distance back from the 
onfice The aaluo of c in this case is not well determined. 

46 Self-adjusting onfices for constant discharge 
The Spanish module — In a number of cases, especially in 
the case of the distribution of irrigation water, it is required 
to deln or from a canal or reservoir a constant supply of 
water, notwithstanding vanations of le\el in the canal or 
reservoir A number of devices for thus purpose ha\e been 
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invented, and the Spanish module used on the canal of 
Isabella II., which supplies Madrid with water, may be taken 
as a type. The module, Pig. 53, consists of two chambers, 
the upper being in free communication with the canal and the 
lower discharging by a culvert to the fields. In the door 
between the chambers there is a sharp-edged orifice in a 
bronze plate. Hanging in this is a bronze plug of varying 



Fig. 53 


diameter suspended from a float. If the water-level a s i 
plug gives a larger opening, and conversely if the water rises 
the plug fills a greater part of the orifice. Thus if the p U S 
is properly formed a constant discharge with varying ien if 
obtained. The theory of the module is very simple, he t i 
(Fig. 54) bo the radius of the fixed orifice, r the mdius of UiP 
plug at a distance h from the piano of flotation of t le oa ’ 
and Q the required constant discharge of the module. Then 

Q = ftr(R*-rV(2^>- 
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Taking c = 0 GC, 

Q 5 = 15 SS{R* -r^y. h, 

J{ E '~WWUh)' 

A lalue ol E is chovn such that for the lowest head the 
expression in "brackets is not negative, and then values of r 
can he found for , \ anous 
aalues of 1 , and with 
these the curve of the 
plug can be drawn. 

The module in Fig. 53 
discharges 1 c. metre 
per see The fixed 
opening is 0 2 metre 
diameter, and the 
greatest head aboie 
the orifice is 1 metre 
47. Flow from 
orifices of liquids other than water — Iho p\mo laws npp\) 
to all liquids, provided the head is meumud in Ini nf lb«‘ 
liquid itself If a liquid of density G„ Uw \w\ \ with tool 
issues under a pressure p lbs per equate foul Iho « otnpond 
ing head is pfG n Thus if merettr) wuglm VI t lb-’ pit »nhb 
foot, a pre°surc of 50 lbs. per squntv iiuli >n V"'M Nt* 
per square foot, corresponds to u Ik id of V2IH1 VH — 101" 
feet of mcrcur}, and under this pnspiih On* ubMH ol I 00 
from an orifice would be */(64 lx 10 1 J)~ II "ft h 

feet per Becond nearly From n fiw t up Him ill * b\ \\ i id t b 
the coefficients of velocity and contimliun bn ttn n tit l oio Itol 
aery diflVrent from those for wait r 

Hamilton Smith, with a circnhti oil ll< • 0 lU It iduiuthl 
found for mercury c — 0 G2 for a h« id ul Oft t * I 0 IdU b \ 
a head of 1 foot , 0 595 for a hi ul of l In I l»t lulu Oliu 
oil, with the same orifice, c— 0 75 foi a la »d ul 0 ft It l I' t M 
for a head of 1 foot , 0 72 for n In ad ol I |i < I 

48 Imperfect contraction— If On mI<*u! 0 mIuuiuI 
Winding the stream approaching l!u*i 111111 ' tit" in ‘t On t I " 
of the onficc they interfere with th»» ""Will \ iu\ i( U «. 
ilcmentary streams wind) catiMS tin nmliuO n 1 *u hh 
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filaments converging all round through angles of 180° with 
the axis of the jet, and as this is the greatest possible 
convergence, the contraction will be greatest and the co- 
efficient of contraction a minimum Let 12 be the area of 
the mouthpiece AB, a that of the contracted jet aa Suppose 
that m a short time t, the mass 00 act. comes to O'O'aV 

The impulse of the ex- 
ternal forces estimated 
horizontally will be 
equal to the horizontal 
momentum produced 

(§ 35 ) 

The pressure on OC 
will be balanced by that 
on OE, and so for other 
parts of the mass ex- 
cept EF and the surface 
AaaB of the jet Let 
p a be the atmospheric 
pressure and h the depth 
of the centre of EF from 
00 The horizontal 
pressure exerted by the 
vessel on the water at EF is (p a + Gh)0 The horizontal 
pressure of the atmosphere on the surface AaaB, which 
is the pressure on its vertical projection, is p a Q Hence 
the resultant pressure acting horizontally is (j) a Gh)Q — 
p a Q ~ G/iH Since the motion is steady there is no 
change of horizontal momentum in the time t between 0 
and aa The momentum generated is the momentum 
of aaa'a' If v is the velocity of the jet, the volume aaaa 
discharged in the time t is covt Its mass is (G a>vt)Jg an 
its momentum (Gcov 2 t)jg Equating impulse and change o 
momentum (§ 35), 

Ghilt = -trtPt, 

9 

w _gh 
V s * 

But neglecting the very small resistances. 
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(13) 


Borda found by experiment r e =5149, Bidone, 
c e ~0 55 47 1 and TFeisbach, c e — 5324, results which do not 
differ greatly from the theoretical \alue. The thickness of 
the edge of the mouthpiece affects the results The reaction 
of the jet on the vessel is the pressure GAO In the case of a 
simple orifice the velocity of the converging filaments in 
contact with the \essel in the neighbourhood of C and D 
reduces the pressure there, and hence the pressure on OE is 
not balanced by that on OC, and the reaction is greater than 
GkQ. It is easily seen to follow from, the equation that the 
contraction is less, but the exact amount is not calculable 
51 Application of the principle of Bernoulli to the 
discharge from orifices — A jet is composed of elementary 
streams, each of which starts 
into motion at some point in the A 
reservoir where the velocity is 
zero, and gradually acquires the 
velocity of the jet Let Mm 
(Fig 58) be such an elementary 
stream, M being a point where 
the velocity is insensibly small, 
and m a point in the contracted 
section of the jet where the 
filaments have become parallel 
and exercise uniform mutual Fig 58 

pressure Take the free surface 

AB for datum line, and let p x , v v h v be tbe pressure, velocity, 
and depth below datum at M , p, v, h, the corresponding 
quantities at m Then 




-A 


But at M, since the \elocity is insensible, the pressure is 
the hydrostatic pressure due to the depth , that, is v x = 0, 
p t =p a + GAj At m, p— p a , the atmospheric pressure round 
the jet Hence, inserting these values, 

6 
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or 




v= */2gh = 8 025 s/h 


(H), 
(14a) , 


That is, neglecting the viscosity of the fluid, the velocity 
of filaments at the contracted section of the jet is simply the 
velocity due to the difference of level of the free surface m the 



Fig 69 


reser\oir and the orifice If 
the orifice is small in dimen- 
sions compared with h, the 
filaments will all have nearly 
the same velocity, and if h 
is measured to the centre of 
the orifice, the equation above 
gives the mean velocity of 
the jet 

Case of a submerged 
orifice — Let the orifice dis- 


charge below the level of the tail water (Fig 59) Then at 
M, = 0, Pi = GAj -f p a , at m, p — Gh s +Pa- 


o + *, + g-*,-|J + A,-A. + g, 

£ = VJS 3 = A (10), 


where h is the difference of 
level of the head and tail 
water, and may bo teimed the 
effechxe head producing flow 
Case where the press- 
ures are different on the 
free surface and at the 
orifice — Let the fluid flow 
from a vessel in which the 



l\c CO 


pressure is p 0 into n \e*$ol in which the pressure is J 
(Fig GO) Let h 0 be the height from the centre of the 
onfico to the free surface in the fir«t vt*5sel The pressure po 
will produce the same effect ns a liyir of fluid of thickness 



DISCHARGE FROM ORIFICES 


83 


^ added lo the heart water, nnd the procure p will produce 
the midp effect ns n hycr of thickness ^ n tided to the tail 

inter Hence the effective difference of level, or effective head 
producing flow, will !*• 

r 

*G ' 

nnd the irlo^itj of discharge will l«c 




= N /4^j 


(1C) 


AVc my express tins result by Fi)ing tint differences of pres- 
sure at the free Furficc nnd at the onficc arc to be reckoned 
as part of the effective head. 

Hence in nil cases thus far treated the velocit) of the jet 
is the velocity due to the effective head, and the discharge, 
allowing for contraction of the jet, is 

s r«r = tm sj 2gh 


Q = 


(17), 


where ta is the area of the onfice, r&> the area of the contracted 
section of the jet, nnd h the effective head measured to the 
centre of the onfice If A nnd « arc taken in feet, Q is m 
cubic feet per second. 

52 Discharge from a fire nozzle — Mr John K 
Freeman has made verj accurate tests of the discharge from 
the nozzles used with 

hose m delivering water Pie^oineler onfice ^ 

m streams at fires. He 
has found the coeffi- 
cients for such nozzles 
so constant that he 
suggests their use in 
measunng the dis 
charge of pumps and 
m similar cases ( Trans 
Am Soc of Civil 

Engineers, 1891) Fig 61 shows the arrangement adopted 
For three nozzles tned the coefficient of discharge was 0 995, 
with heads of 12 to 120 feet The head was corrected for 


■ 

lb! 

msm. 



Screen 

Fig 61 
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' elocity of approach, but the correction was verj Email except 
for low heads The nozzles n were l|- to 24 inches 
diameter. They were smoothly tapering, with sides comerging 
at 5 to degrees to the axis, and polished for 3 or i 
diameters bach from the outlet Tho pressure in the supply 
chamber was taken at n piezometer orifice inado careful!) 
flush with the insido of chamber With the tin cone remov ed 
and a square corner to the brass flange in which the nozzle 
was screwed, coefficients of 0 985 to 0 990 were obtained 
53 Flow from a vessel when the effective head 
vanes with the time — Yanous useful pioblems arise relating 
to tho time of emptying and filling -vessels, reservoirs, loch 
chambers, etc , where the flow is dependent on a hold which 



mcrenscs or diminishes during tho operation The Pimph^t 
of Ihcso problems is the case of filling or emptying a vc<^i 
of constant horizontal section, such ns a rmr loch. Supp^'J 
tho loch chamber which has a water mtrftco of Cl pquire I '’* ! 
is emptied through a sluice in the tail giti«, of on a pU<*d 

lxdovv the toil-water level Thin tin iflVctivo head producing 
flow tlirongh the sluice is the diffinncc of levil in dc 
lock, chamls r and tail In) I>t II (I i.: C2) l*o the mil' 1 
diffinnce of leul, h the difference of livtl after / 

V t -if A )>o the fill of 1, vi 1 in tho timid- r during nn intend 
iff Then m th« turn rff the volume in th< chain!- r i« alter™ 
hy the amount - fid/ mid the outflow from the *!tih*o m t! '* 
Mm" time is ft* tit IhiKfl the diff rt ntnl * 

connecting / and t ts 

W-* 1 - o 
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For the time t during which the initial head H diminishes 
to any other value h, 

SI r* dh_ i‘ 
c^/Yglll^h ~ 

t ^ 2WH-Jk) 

ciay/2g 

= Gf /2H_ /2h] 

c«lv ? V 9 ) 

F or the whole time of emptying, during which h diminishes 
from H to 0, 


r=V- 

c«v g 


(18) 


Comparing this with the equation for flow under a constant 
head, it will be seen that the time is double that required for 
the discharge of an equal volume under a constant head H. 
The time of filling the loch through a sluice in the head 



gates is exactly the same if the sluice is below the tail-water 
lc\el But if the sluice is nbo\e the tail water level then 
the head is constant till the lei el of the sluice is reached, and 
afterwards it diminishes with the time. 

54 Cylindrical mouthpiece —‘When water is discharged 
through a short cylindrical mouthpiece, the axis of which is 
normal to the side of the rc^rvoir (Fig G3) and its length 
2 to 3 times its diameter, there is an internal contraction 
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at EF due to the convex gence of the streams at the inlet, but 
the jet then expands to fill the mouthpiece and issues full 
bore. Let O. be the cross section GH of the mouthpiece and 
0 the cross section EF of the interior contraction Then 
afil- sc e is the coefficient of contraction Let p and v be 
the pressure and velocity at GH, p v v lt the pressure and 
velocity at EF , Q, the discharge per second Then 


Q ~ wt'j - flu 
=5 vjc e 


Lot h be the head over the axis of the jet, and c the co- 
efficient of discharge of the mouthpiece, which, as there is no 
external contraction, is also the coefficient of velocity Then 


v = cJ2gh . ( 1 &) 

Between EF and GH there is the loss of head (tf t — v)*/2ff 
due to the change of velocity from v t to v (§ 37), and a fnc 
tional loss c r v a / 2 y which is negligible for very short mouth- 
pieces Hence the total head at GH is less than that at EF 
by these losses 


«* 
2 9 


G 2e G 


-( 


fa-") 8 

2? 



But Vj m v/c r and v~c ^/(2 gh), 

Z^jh. = ^ [o^ 1 - l) - c,Je"A (20) 


Suppose a small vertical pipe dipping into a reservoir at a 
lower level (Fig G4) introduced into the mouthpiece at the 
internal contraction The pressure p acts on the free surface 
of the lower reservoir as well as at the outlet of tho mouth- 
piece, and p t is the pressure inside the mouthpiece Hence 
the water will rise in the tube to a height KL = h f — (p — 

If h? is greater than the distance X between the axis of 
tho jet and tho surface of the lower resen oir, the water will 
bo continuously pumped up from the lower resen oir « n “ 
discharged at the level of the mouthpiece This nmngunent 
is n jet pump in its crudest form, in which one body of water 
descending a distance h pumps up another bod) of water « 
height X- Butting for tho moment 0 82, c e » 0 64, anu 
neglecting tho small quantity r„ 

A'e 0 75A, 
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which is the greatest value of X at which pumping will occur 
The values assumed will be seen presently to be about average 
values of the coefficients. 

In order that the continuity of the stream may not be 
broken, the lowest pressuro must not be negative, that is, p. 



Fig 64 


must be greater than 0 Let the atmospheric pressure height 
p/G = 33 9 feet of water The condition of flow full bore is — 



With the values of the coefficients assumed above, h must be 
less than 33 9/0 75 = 45 feet, or the jet will not discharge 
full bore 

Let c„ be the coefficient of velocity corresponding to the 
resistances between CD and EF (Fig 63) Then 

= c*J(2gh), 

and the head wasted between CD and EF (§ 36) is 
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There are therefore three losses of head between CD and GH, 
two of which have already been giveD, and the effective head 
producing the velocity « is h less these three losses. 



EG-K-O’-E 

Id 2 
r M 9 


IV 2 , 

tt) -r+ 1 + <V 


and putting v = c */(2gh), 


1 

c 2 



o 

--+2+C,., 


and the coefficient of discharge for the mouthpiece is— • 



c r 


. ( 22 ). 


Taking c c = 0’64, c„ = 0'97, and neglecting c, 


c = 0*824. 

"Weisbach made experiments on some cylindrical mouth* 
pieces of different diameters, and lengths about three diameters, 
and found the following values of c, which do not differ rnuc i 
from the value just calculated : — 

Diameter =0-032 O’OGG 0'098 0*131 feet, 

c = -843 *832 -821 '810 

The coefficient varies somewhat with the length of the mouth' 
piece. Its average value may bo taken to be ns follows : - 


o to 3 12 

Diameter 

c=r0-88 0*82 0-77 

55. Convergent mouthpieces. — With these there is an 
external contraction at the outlet ns well ns the interna 
contraction. Two cases may bo distinguished; the inner 
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angb* miy b* phirp as at A (Fig 65), or well rounded as at B. 




In the latter case the Io°s doe to the internal contraction Is 
diminished. The discharge is 

Q » vfijljk = tCLJ‘l 3 h (23), 


where n = -^<T‘ is the area at the external end. The length 
of the mouthpiece is al«ut 3 d. 


Angle 0 

, 0 * 

*Y 

»r 

22|* 45* 

90* 

c for ea-v- 11 

. 0-97 

0-96 

0-02 

0 68 0 75 

0-G3 

e for erne A 

. Oh 3 

0 04 

0-02 

oe5 



5®. - *d 1 ' — Suppose a mouth- 
piece ’»*' h ,.i> outlet to designed 

that 
abrupt 
the 

it, F _ 

of 

’ r 


of 


i at * 
be 

*> 


at 
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iYi-Af 

4’V J2a 


There are therefore three losses of head between CD and GH, 
two of which have already been given, and the effective head 
producing the velocity v is h less these three losses 


ir 

2<7 


h~ 




[iS-'MH-S 


and putting v»cj{2gh) t 


1 

e 




+ 2 +C„ 


and the coefficient of discharge for the mouthpiece is— 



Taking c c = 0 64 c v = 0 97, and neglecting c r , 
c = 0 824 

Weisbach made experiments on some cylindrical mouth- 
pieces of different diameters, and lengths about three diameters 
and found the following values of c, which do not differ much 
from the value just calculated — 

Diameter = 0 032 0 0G6 0 098 0 131 feeL 

c= 843 832 821 810 

The coefficient varies somewhat with the length of the mouth- 
piece Its average value may bo taken to be as follows 


Length __ j 
Diameter 

0 88 


2 to 3 12 

0 82 0 77 


55 Convergent mouthpieces — With these there is 
external contraction at the outlet as well as the interna 
contraction Two cases may be distinguished, the inner 
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angle may be sharp ns nt A (Fig 65), or well rounded ns nt B 




In the latter case the loss due to the internal contraction is 
diminished The discharge is 

Q = CjC^lJtyh - <Sly/2gh (23), 


where fi = -<P is the area nt the external end The length 
of the mouthpiece is about 3rf 


Angle 0 

0* 

*r 

uy 

22J* 

46* 90* 

c for case B 

0 07 

0 95 

0 92 

0 88 

0 75 0 63 

c for ease A 

0 63 

0 94 

0 92 

0 85 



5G Divergent conoidal mouthpiece — Suppose a mouth- 
piece with a convergent inlet and divergent outlet so designed 
that there is nowhere any 
abrupt change of velocity in 
the stream passing through 
it, as in Fig GG The inlet 
may be of the form of a 
contracted stream from a 
sharp-edged orifice, and the 
divergent part should ex- 
pand very gradually, becom- 
ing cylindrical at the end. 

Let a, v, p, be the area 
of section, velocity, and pres 
sure at CD, and H, v lt j p„ 
the same quantities at EF 
Let the atmospheric pressure be pJG= 33 9 feet of water and 
let k be the head over the mouthpiece 

Then the velocity at EF is 
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and the effective head producing this velocity is 

£*«■» (24a) 

So that the head wasted id friction and eddies in the raouth- 
pieceis (i-O* 

This wasted head may be taken to consist of two parts z, 
wasted in the converging, and z 2 wasted in the diverging part 
of the mouthpiece Then if atmospheric pressure is taken 

into the reckoning the total head at CD is h — ~i> an ^ 
that at EF is h — *■> 


Consequently ifp a /G= 33 9, 
(24b), 


or if the jet discharges into the atmosphere^ ~p v aQ d 

x l = h -z x -z t 
2 g 1 4 

Then the discharge is 

Q = fli/ 1 = flv/{2<7(A-* 1 -'~ 2 )} ( 25 )' 

which is independent of the area at the throat CD But 

there is one obvious 
limit to this. As the 
velocity is greater at 
CD than EF the pres- 
sure must be less, that 
is, less than atmo- 
spheric pressure If 
the ratio of the sec- 
tions p = D/a» 13 great 
enough p becomes zero 
or negative, and flow 
full bore is impossible 



Fiff 67 


The stream breaks away from the mouthpieco as m Fig ® 
But v — pv } , and inserting this m eq (24 b) 
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G 

p becomes zero if 


^ + ( f = A-.- 1 + 33 9, 

^ = (l- P ")(/i-^ +P %+33 9, 


/A - z. + 33 £ 

p= v 


(26) 


From experiments on bellmouths, z i may be taken as about 
0 05 A The value of s 2 may be considerably greater In 
an expanding Btream there is great instability and tendency 
to break up into eddies which waste energy If the mouth- 
piece is short, the stream breaks into eddies, if long, the 
friction of the surface gives rise to eddies The following 
short table is calculated for the limiting cases 2=0 and 
2 2 = 0 9A 

Limiting Valdes op p 

h = 1 5 10 20 50 

When » 0 •= 0 606 283 2 13 166 130 

When z 2 = 0 Qh 264 80 45 28 17 

Venturi experimented on a mouthpiece of this kind and 
concluded that the discharge would bo a maximum when the 
diverging part was of a length equal to nine times its least 
diameter and the angle of the cone a little more than 5° 
Francis ( Lowell Hydraulic Experiments ) obtained results with 
a similar mouthpiece 

The diameter at CD was 0 102 feet, at EF, 0 321 feet , 
p — 9 9 , the length of the diverging cone 4 feet , the mouth 
piece was drowned and the difference of level of head and tail 
water was from 0 1 to 14 feet The mean coefficient of 
velocity (or discharge) was c v ~ 0 23, so that from eq (24a) 
the effective head was 0 23"A = 053A Consequently 947A 
was the head wasted during the passage of the water through 
the mouthpiece. This corresponds to the total head lost 
between inlet and outlet of a Venturi meter, A being the 
height duo to velocity at inlet or outlet 

57 Influence of temperature on the flow from orifices 
— Experiments were made by the author (Phil May, 18 < 8) 
with a conoidnl mouthpiece 0 394 inches diameter, a head of 
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1 fco 1^- foot Neglecting the expansion of the reservoir and 
orifice, the coefficient is — 

Temperature F Value of c. 

190 0 9871 

130 0 9740 

60 0 9418 

"With a sharp edged orifice also 0 394 inches diameter and 
the same heads, and also neglecting any correction for expan 
Sion of the reservoir and orifice — 


Temperature F 
205 
140 
62 


Value of c 
5936 
5964 
5980 


The results show that the influence of temperature is very 
smalL The correction for expansion of the reservoir and 
orifice would be very small 

Mr Mair repeated these experiments on a much larger 
scale With a conoidal orifice li inch in diameter and a head 
of 1 75 feet the following values were obtained — 

Temperature F Value of c 

170 0 981 

HO 0 967 

55 0 961 

With a sharp edged orifice 2^- inches diameter and 1 75 
feet head, the following were the results — 

Temperature F Value of c. 

179 0 607 

110 0604 

57 0 604 

In the case of the conoidal orifice the increase of tempera 
ture appears to reduce sensibly the frictional loss. In the 
case of the sharp edged orifice the influence of temperature 1 3 
v ery small 

Problems 

1 The pressure m the pump cylinder of a fire-engine is 14,400 lte 
per square foot, assuming the resistances of the vaucs, 1 
and nozzle arc such that the coefficient of resistance » 0 r, 
the velocity of discharge 93 5 P* 51 " 



it Al'Oh J-JSOA1 UJJIMUhb ( J.S 

2 The prrwnro m tie h»*'' <f a fire-<npne is 13,000 lie per square 

f»ot, the jrt tv** to * bright rf 1'0 f«t 1 in ! the coefficients 
cf velocity anl tv*i*lvicr 0 849 and 1 39 

3 A horizontal j^t i»> ir* unlrr a lira 1 of 0 feet At C fret from the 

©nfior tt ha* fallen vertically 16 Indira. Fin 1 the coefficient 
of velocity 0 p9 

4 Required the cor^nent t f it* »tancc cnjTr*ponhn£ to n coefficient 

of vr loot j OOC State wl at prrcrntAp’ of the energy due 
to the head i* wvtrd 0081 7 8 per cent. 

5 A fluil of cne-quartcr the den*ilv of walrr i* discharged from a 

Torcl, in wl ich tl e procure l< CO Hr. per square inch (al*olutc), 
into the atmo*|hcre, where tie j rewarc is 16 Hr. per square 
inck Find tl e vcl «atr dt e to the 1 rad 1 Cl 6 ft. per second. 
C Find the diameter of a circular orifice to discharge 2000 cubic 
feet per hour tindrr a lied of 6 fret Coefficient 0-C2 

303 inches. 

7 A cylindrical ciilem contain* water 1C feet deep, and is 1 square 

foot in crow* section. On otcning an orifice of 1 square inch 
in the lottom, the water level fell 7 feet in one minute, hind 
the coefficient of di*charge 0 598 

8 A miner* inch is defined to 1* the discharge through an orifice in 

a vertical plane of 1 equate inch area, under an average head 
of Gt mchca. Finl the supply of water per hour in gallon? 
Coefficient 0G2. 671 

9 A vessel fitted with a j i*ton of 10 square feet area discharges 

water under a head of 9 feet l\hat weight placed on the 
piston would double the rate of discharge ? 270 Il«. 

10 Required the discharge from a thin-edgwl vertical sluice opening 

3 feet wide and 1 foot deep Depth of water to lower tdge of 
onfice = 7 feet, coefficient of discharge** 0-C2 

60 7 cubic feet per second. 

11 The discharge from an orifice 10 feet below the water surface is 

18 cubic feet per minute. \\ hat will be the discharge when 
the head is 25 feet 1 28 45 cubic feet per minute. 

12 Show that about of tbe energy due to the head is wasted at a 

cylindrical mouthpiece. Coefficient 0 83 

The loss is 31 per cent 

13 A jet lias a diameter of 3 inches when issuing vertically under a 

head of 9 feet. Find its diameter at C feet above the orifice. 

3-9 r 3 inches. 

14 What must be the size of a sluice in a lock gate to empty the lock 

in ten minutes 7 Area of water-surface of lock 16 ftet by 
100 feet Lift G feet The sluice is below the tail water, and 
the coefficient of discharge is 075 2 "03 square feet 

15 A vessel is of such a form that its horizontal area is A + I iz+Cx* 

at x feet above the bottom. Show that if there arc h feet 
initially in the vessel, and it empties through an onficc of area 
oi, the time of emptying is given by the equation 

T =U 2i+ s Bi+ i c, ‘ , )\/^ 
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between the levels h and h 4- dh Its cross section is bdh, and 
neglecting small resistances its velocity is J(2gh), and its 
discharge b*J(2gh)dh Hence the whole discharge of the 
orifice is 

Q = b\^2g ( h^dh 
Jh x 

(i>, 

where the numerical factor on the right is a coefficient 
depending only on the form of the contracted cross section 
Now let H,, H 2 be the heads at top and bottom edges, and B 
the width of the orifice itself Let 

0 - »(*»*-*.*) 

Then the discharge, m terms of the dimensions of the 
orifice, is 

q=|cb</^(h, 1 -hA (2), 

which is commonly given as the theoretical formula for 
vertical rectangular orifices, and C is often stated to be the 
coefficient of contraction But 0 is clearly not the coefficient 
of contraction, the value of which must be 

B(H 2 - H t ) 

Equation (2) is only rational if 0 is understood to bo a 
coefficient the value of which will vary with the proportions 
of the orifice, and experiment shows this to be the case 

59 Notches or weirs — A practically \ery important 
case is that in which H x — 0 and the jet is discharged from 
an open notch or orifice extending up to the free surface. 
Weirs in rivers are cribworh or masonry constructions, 
primarily intended to raise the surface-lci el of the nver up- 
stream, while permitting the passage of floods. Notches for 
measuring purposes are weirs fitted with a plate m which an 
open notch is formed through which the watci passes The 
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notch is usually rectangular, but sometimes triangular or 
trapezoidal As the water surface falls when approaching 
the notch, the head h o\er the bottom of the notch, or over 
the crest of the weir, should bo measured some distance bach 
from the weir beyond the origin of the surface curve 
The jet or stream passing o\er a weir may be termed the 
weir 6heet For an ordinary sharp edged weir or notch the 
sheet is of the form shown in Fig 09, A, B The weir sheet 
contracts at the two ends and at its top and bottom surfaces 
If the length h of the weir is equal to the width of the 
channel of approach there arc no end contractions, and the 
weir is termed a weir with suppressed end contractions If 
the tail water lea el is aboae tlio crest of the weir it is termed 
a drowned weir If the crest of the weir is broad or rounded. 



or if the upstream or downstream faces of the weir are 
sloped, the phenomena of discharge are complex, the water 
sheet in some cases spungmg clear, and in some cases 
adhenng to the weir (Fig 69, C) 

The equation of discharge for rectangular weirs is found 
by putting Hj = 0 in eq (2) Also let h be the head above 
the crest and l the length of the notch or weir Then 


Q = ^lhs/(2gh) 
= %fls/2}h f 

= 5 35 ett* J 


(3), 


where c is a coefficient of discharge, which vanes considerably 
in different cases. This is the formula which has been most 
generally used in computing weir discharge, and it is trust- 
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worthy for practical purposes if the value of c is selected 
from observations m similar conditions. The following small 
tables give values selected from those obtained by Hamilton 
Smith from plottings of various experiments by Francis, 
Ffceley and Stearns, Lesbros, and others It will be seen that 
c varies more for weirs with end contractions than for weirs 
with no end contractions 


Coefficients of Discharge for Weirs with Complete 
Contraction (Hamilton Smith) 


Head on 
Weir Crest 

Values of 

when the Length of the Weir is iu Feet. 

m Feet. 

I 

2 

3 

5 

7 

10 

19 

0 15 

625 

634 

638 

640 

640 

641 

642 

0 2 

618 

626 

630 

632 

632 

G33 

634 

03 

608 

626 

629 

621 

623 

624 

625 

0 5 

59G 

605 

608 

621 

613 

615 

617 

07 

590 

598 

603 

606 

609 

612 

614 

1 0 


590 

595 

601 

604 

608 

611 

I 5 



585 

592 

596 

602 

608 


Coefficients of Discharge for Weirs with S oppressed End 
Contractions (Hamilton Smith) 


Head on 
Weir Crest 
in Feet 

Values of e when the length of the Weir is m Feet. 

3 

6 

7 

10 

15 

19 ] 

0 15 

649 

645 

645 

644 

644 

G43 

0 2 

642 

638 

637 

627 

636 

635 

0 3 

63G 

631 

629 

628 

627 

626 

05 

633 

627 

624 

621 

620 

619 

0 7 

635 

628 

624 

620 

619 

618 

1 0 

C41 

633 

628 

624 

621 

619 

1 5 


641 

636 

630 

625 



60 Velocity of Approach. — So far it has been assumed 
that the stream approaching the weir was of large section 
compared with the jet over the weir, and that the head h was 
measured where the water was nearly still In many cases 
the weir is at the end of a channel of limited section, and 
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the head must be measured where the water has a velocity 
too great to he negligible In that case the observed head 
has to be corrected for velocity of approach before using it m 
the weir formula. 

Let Fig 70 represent a vertical rectangular orifice at the 
end of a channel in which the \elocity of approach is «. Let- 



Fig 70 


b be the width of orifice, and A! k 2 be the heads o\er the top 
and bottom edges of the onficc measured at a point in the 
channel where the mean \elocity is it It is obvious that 
somewhere upstream there must have been a fall of freo 
surface 



m producing the aelocit) « Hence the true heads o\cr the 
edgos of the orifice, reckoned from Btill water level, arc 
A,4*b and A 2 + f) Putting these lalues m eq (2), 

Q = 5ci^j(*. + (j) 

In the case of a notch or weir of length /, A, = 0, and 
A t may be written h, 

Q = (5), 

which is the equation xno«t generally u*ed for weirs when 
\elocity of approach xnu«t be nllowed for It is not from the 
theorUical point of an.\\ entirely satisfactory , U-cau-si in the 
section where A is xmvsurvd the adoetty nne« and it is 
uncirtaiu m what proj>orUon different portions of tie stream 
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go to make up the jet over the weir It is probable that \) 
should be affected by an empirical coefficient a to allow for 
this In most cases [) is small compared with h, and the 
last term zn the bracket is very small Hence for simplicity 
some writers take 

Q=*dv/ 27 {(A + alj) ? } (C), 

which is easier to compute It appears that a = about 1 5 
An analysis of Francis and Fteley and Steams’ expen men ts 
led Hamilton Smith to the conclusion that a should be taken 
1*33 for weirs with no end contractions, and 1 4 for weirs 
with end contractions It will be seen later that new experi- 
ments by Bazin have led to a better method of dealing with 
velocity of approach The following table will give an idea 
of the importance of velocity of approach in weir calcula- 
tions — 


Values oi f) 


Velocity of 
Approach 
« 

V? 

2 9 



| \elocity of 
Approach 
u 

14* 

2-7 

3 2y 

„,•! 

% 

Feet per 
Second. 

Feet 

Feet 

Feet 

Feet per 
second 

Feet 

Feet 

Feet 

02 

0006 

0008 

0009 

08 

0099 

0133 

•0139 

03 

0014 

•0019 

0020 

0 85 

0112 

0150 

0157 

04 

0026 

0033 

0035 

09 

•0126 

0168 

0176 

05 

0039 

•0052 

0054 

0 95 

0140 

0187 

0196 

06 

0056 

0075 

0078 

10 

0155 

0207 

0218 

07 

0076 

0102 

0107 

1 2 

0224 

•0298 

0313 

0 75 

0087 

0117 

0122 

1 5 

0350 

0466 

0489 


“When the velocity of approach u is directly measured by a 
current meter, for instance, eq (5) or (6) presents no difficulty 
More commonly only the cross section XI of the channel of 
approach is known Then if Q is the discharge over the 
weir, 


* 


Q* 

2gW 


If this value is introduced in eq (5) or (6) it is very cumbious 
It is better to proceed by approximation Let Q r be the 
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discharge if the velocity of approach is neglected, that 
is, by eq. (3). .Then «' = Q'/n is an approximate value of 
u, and |)' = w' 2 /2*7 is an approximate value of Putting 
this in eq. (5) or (6) a second approximation Q" to Q is ob- 
tained. A third approximation can be found, but this is 
rarely necessary. 

61. Partially submerged orifices. Drowned weirs.- — 
When the tail-water level is above the lower and below the 


upper edge of the 
orifice, it divides 
the orifice into two 
parts in which the 
conditions of flow 
are different. Let 
Fig. 71 represent 
such an orifice, 
where h u A s , h are 
the depths below 
the free surface of 
the upper and lower 
edges of the orifice 
and the tail water, and b is the width of the orifice. An 
elementary stream issuing above the tail-water level 

has the head A', which for different parts of the orifice varies 
from h x to h. An elementary stream M 2 m 2 issuing below the 
tail- water level has a head h" — h'" = h, which is the same 
for all parts below the 
tail-water leveL If Q, 
Q 2 are the discharges of 
the upper and lower 
parts of the orifice, 

Q, - !*/£(** -a, 1 } 

Fig. 72. 




The important case 


is that of a drowned weir, in which the tail-water level 


is above the weir crest (Fig. 72). Then A, — 0, and the 


discharge is 


Q = Q, + Q. = cW(2,7S){1.-JI} 


• (7), • 
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1 ' 1 to a. 'Pit * strsaras C rn rzn c^s nereis isnsr is vm ** 
'■? ds^Tur and -daSaxiy drafted 
TaVja~ izt yur rt c, zr^<xcriirzc efesesrar y £22ss d^rr 
nr n »t( ttfz* tnzsz Ee us t So r, cfi gg ggstfjs calr~ da c°e 
*wfwf» «.* 1 Jo «, arid c&dir v*&e£e? as I 5 t </*■ C* II- 
S' 'in 'tillr th * d ^f^r y of Ciies'’’ frva gcssas jKJtr tan il* 
film l to al As tBa fccfris arc: dl gars at SGsCnsy srnaS'l 
f/^ft^ntaty «Creici?, f£c? cctd alsdiiKrT* at t5e ssis&s csst 
I* 1 tft {ho ratio I to i* Bair fa any cm? ectuX £r t*» 
•hffrct'M level* of the water the jama mas? ich. vd d 
A, A, nrv the h^ads catered to the verrer cf da 
th'» r);«v fnrgt’i must i** in the ratio (7/ t *«/ EffiCfe? 023 ^ 
if A i* tJp* in ad at Any tirae the eschar?* & 

Q*ei { , 

Atui tht » 0'( c/i iron fti3 a more rational bass thm the cr "^ t1 ^ 
i«'« »/»>/•» foio/i /i/kih‘ for rectangular vreir*. & 28 €is * **. 
thi( n* the mirfico width / canes directly is K the 
M»n /»r {>»)/ in t/„. form 


Q « Idh * £* ( 2y\% 
wIhhp f /<* n r or fffrictft of contraction, i<& 25 tbs 


f h* 1 nuti/u it tl ntcvam, and l is a constant es ? reSvl ^ .^ e 

"<"* of tf>, mrin udocit) in the contracted stream 

*'*<•<> due *« /ho hi ul Thu value of £ must iefoat j • 

* f ’( tni/uv Ihonifum fitst indicated the proha * 

*h» ir rtu i« m lor n tti ucfjidnr notch would be nearly co 

" flit tl I Mill/ 1 

V *= t * s dh\/(2yh) ^ 

" * n«i 1 h it tni « npht mijj/ed notch, sharp-edged 
f » **»///«/ ihibh /= 2A, and the formal* become 


2 G fh* 

1 *> " ' f h > M if«/*m/«ii( /ch mc.isuring 

" f ' <•> intuit \ or) lurge ^ 

' Koit(/u^i|} nr notch waf* 

I I » th if thn unit h oc \%, 

, u <{ “ «**»- •>» tbf < h/imid 

* ' "' ^ rt/ioilhi vx ten 


. ( 10 *) 

a very v&rtibte &* 

d contractions — 

ii to the 

*, It is disinn l ^ 
beyond the m 
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discharge if the velocity of approacli is neglected, that 
is by eq (3) Then v! = Q'/H is an approximate value of 
u, and = u n j2g is an approximate "value of [j Putting 
this in eq (5) or (6) a second approximation Q' to Q is ob 
tamed A third approximation can be found but this is 
rarely necessarj 

61 Partially submerged orifices Drowned weirs — 
When the tail water level is above the lower and below the 
upper edge of the 
orifice, it divides 
the orifice into two 
parts in which the 
conditions of flow 
are different Let 
Fig 71 represent 
such an orifice, 
where 7t, h 2 h arc 
the depths below 
the free surface of 
the upper and lover 
edges of the orifice 
and the tail water, and b is the width of the orifice An 
elementary stream M 1 m 1 issuing above the tail water level 
has the head h f , which for different parts of the orifice vanes 
from /*! to h An elementary stream M s m s issuing below the 
tail water level has a head h" — h!" = h which is the samo 
for all parts below the 
tail water level. If Q, 
Q 2 arc the discharges of 
the upper and lower 
parts of the onfice 

q, = jtWajik 1 - 

Fi„ 72. 




The important case 

is that of a drowned weir, in which the tail- water leviJ 
is above the weir cre«t (Fig 72). Then h , *=0, and the 
discharge is 




( 7 ). 
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wliere b is the length of the weir, h» 

the head o\er the weir 

measured upstream, and k the difference of level of head and 

tail water From 

some experiments by Fteley and Steams 

( Trans Am Soc 

of Civil Engineers, 

1883) the following 

values of c are calculated — 


d 

h 


ih 

fu 

c 

0 1 

09 

629 

02 

0 8 

G14 

03 

07 

600 

04 

06 

590 

05 

0 5 

582 

06 

04 

578 

07 

03 

578 

08 

0 2 

583 

09 

0 1 

596 

0 95 

0 05 

607 

1 0 

00 

628 

The weir was 

sharp edged, 5 feet 

in length, with end 


contractions suppressed. The weir crest was 3 2 feet a bo\o 
the bottom of the channel , Zu varied from 0 3 to 0 8 feet 
62 Broad crested weirs — Broad crested weirs arc un 
suitable for water measurement, but it is sometimes necessary 
to estimate the flow at such weirs The following is a theory 
of the flow o\er broad crested weirs winch is interesting 



Fig 73 

Let Fig 73 represent a weir with n crest of width d 
that the stream oaer it consists of rectilinear and parulc 
elementar) Ftreams. Let the upstream edge lie rounded fo 
that there is no contraction there Consider an rlenunUp 
ftream an*, the point a l»ung ro fir from the wtir that t it 
lplociij at that point is negligible Let 00 1« the fm 
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surface, and let a be 1” below 00 and h r above a' Let a' be 
s below the free surface at that point Let k be the head on 
the weir crest, and t the thickness of the stream on the crest 
The pressure at a is G h n , and at a' is Gz If v is the velocity 
at a’, . 

t- = K + h’-: = h-c, 

2j 

and if & is the length of the weir, 

Q-W{s #-«)} (8) 

Now Q = 0 for « = 0 and for e = h The discharge will be a 
maximum for a value of t found by putting dQjde — 0 This 
gives e — Inserting this value, 

Q = 0 3856ft s/{2gh) (9) 

This is equivalent to taking c= 0 577 in the ordinary 
weir formula eq (3) Experiment shows that the discharge 
of broad-crested weirs approaches and even falls below this 
value if d is large The formula is also applicable to large 
masonry sluice passages with flat floors, over which the water 
passes with a free surface With 7i>15rf the attachment 
of the stream to the weir crest is unstable, and with h>2d 
the stream springs clear from the upstream edge, and the 
conditions approximate to those of a sharp edged weir 

From various experiments the following values are derived 
If h is the head at the weir, d the width of crest, and c the 
coefficient for a sharp -edged weir in the same conditions, 
then the coefficient of discharge in the formula 

Q - §C bk\/ 2 gh (9a) 

may be taken as follows — 


hjd = 0 25 

0 50 

0 75 

1 00 

1 25 

1 50 

C/c=0 75 

0 78 

0 82 

0 86 

0 90 

0 93 

If c = 063, C = 0 47 

0 50 

0 52 

0 54 

0 57 

0 59 


The value c = 0 63 is a mean value for weirs with no end con 
tractions 

The following table gives results of experiments by Mr 
Blackwell — 
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is 1 to n The streams through the notches must be made 
up of similar and similarly situated elementaiy streams 
Taking any pair of corresponding elementary streams, their 
cross sections must be as 1 to n, their depths below the free 
surface as 1 to n and their velocities as 1 to */n Con 
sequently the discharge of these two streams must be in the 
ratio 1 to n* As this holds for all pairs of similarly situated 
elementary streams, the total discharge of the notches must 
be in the ratio 1 to 71 3 Rut in any one notch, for two 
different levels of the water the same must hold and if 
Aj h 2 are the heads measured to the vertex of the notch 
the discharges must be in the ratio ( [hjhjp Hence generall), 
if h is the head at any time the discharge is 

Q = M 

and this equation has a more rational basis than the ordinary 
formula given above for rectangular weirs It is easy to see 
that as the surface width l vanes directly as h, the equation 
can be put in the form 

Q s \clh x W( 2 gh), 

where c is a coefficient of contraction, ^clh is the section of 
the contracted stream, and A. is a constant expressing the 
ratio of the mean velocity in the contracted stream to tho 
velocity due to the head. Tho value of A must be about 8/1 5 
Prof James Thomson first indicated tho probability that 
the coefficient for ft triangular notch would he nearly constant 
"Writing the formula 

(10) 

he found that for a right angled notch, sharp edged, c = 0 61/ 
lor a right-angled notch / = 2 h and the formula becomes 

Q=2GU* 0° J ) 

Tho notch is convenient for measuring n vco vnmblc flow 
when tho quantity is not verj large 

Go Rectangular notch with no end contractions * 
Tho length of tho notch or weir is equal to tho distance 
between tho walls of the channel of approach It is (burnt 10 
that the side wills should extend n little IxtyOid the trc*t 
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of the notch abovo its level, but provision must bo secured 
for the free access of air below the water stream passing over 
As there are no end contractions, and the top and bottom 
contractions are the same for all veitical slices of the stream, 
the discharge must be accurately proportional to the length 
of the weir 

Taking any one vertical slice of the stream of width yh 
and head A, its discharge must bo, as m the case of the 
triangular notch, proportional to A*, and as the stream, 
whatever the head, can be considered as made up of Ijyh such 
slices, the whole discharge must be 

which can be put m the form 

« clh x l*/(2gh), 

where c and L have the same meaning, as m the case of 
the triangular notch, and l must be about 2/3 Then simply 
Q = icWTgtS (11), 

where c may be expected to be constant for different aalues 
of A 

The following are values of c deduced from some very 
trustworthy experiments on weirs with no end contractions 
The values of h have been corrected for a elocity of approach, 
but the correction in all cases was small 


Length of 
Crest 

Head h. 

Discharge Q 


Authority 

50 

82 

12 61 

63041 

Ftcley and Stearns 

„ 

68 

9 38 

6276}- 6284 

„ 

n 

47 

5 37 

6272) 

, 

i. 

22 

1 747 

6365 

, 

n 

10 

580 

6852 

, 

9 995 

1 0046 

33 49 

6222 

Francis 

, 

9834 

32 56 

6248 6239 

„ 

, 

7979 

23 79 

6246 


18 096 

1 6184 

130 12 

6223 

Ftcley and Stearns 

it 

9907 

C2 02 

6195 6201 

„ 

’ 

4690 

20 18 

6186J 
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is I to n The streams through the notches must be made 
up of similar and similarly situated elementary streams 
Taking any pair of corresponding elementary streams, their 
cross sections must be as 1 to n\ their depths below the free 
surface as 1 to n, and their velocities as 1 to *fn Con 
sequent!? the discharge of these two streams must be in the 
ratio 1 to »■* As this holds for all pairs of similarly situated 
elementary streams, the total discharge of the notches must 
be m the ratio 1 to But in any one notch, for two 
different levels of the water the same must hold, and if 
h j A 2 are the heads measured to the vertex of the notch 
the discharges must be in the ratio (h x (k^ Hence, generally, 
if h is the head at any time the discharge is 

q=M 

and this equation has a more rational basis than the ordinary 
formula given above for rectangular weirs It is easy to see 
that as the surface width l varies directlj as A, the equation 
can be put m the form 

Q = \clh*W(2gh), 

where c is a coefficient of contraction, tk/A is the section of 
the contracted stream, and A. is a constant expressing the 
ratio of the mean velocity m the contracted stream to the 
velocity due to the head The value of A must be about 8^15 
Prof James Thomson first indicated the probability that 
the coefficient for a triangular notch would be nearly constant 
Writing the formula 

( }0 >* 

he found that for a nght angled notch, sharp edged c = 0 01 < 
For a right-angled notch l = 2 A and the formula becomes 

Q = 2 64A* ( 10a ? 

The notch is convenient for measuring a ver> variable flow 
when the quantity is not very large 

C5 Rectangular notch with no end contractions 
The length of the notch or weir is equal to the distance 
between the walls of the channel of approach It is ihsira > 0 
that the side walls should extend a little beyond the crest 
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of the notch aboae its level, but provision must be secured 
for the free access of air below the water stream passing over 
As there are no end contractions, and the top and bottom 
contractions are the same for all veitical slices of the stream, 
the discharge must be accurately proportional to the length 
of the weir 

Taking any one vertical slice of the stream of width yh 
and head h, its discharge must be, as in the case of the 
triangular notch, proportional to h\ and as the stream, 
whatever the head, can be considered as made up of Ifyh such 
slices, the whole discharge must be 

«->*• 

which can be put in the form 

= clhxkj(2gh), 

where c and k have the same meaning, as in the case of 
the triangular notch, and k must be about 2/3 Then simply 

Q e'liMgh* (H), 

where c may be expected to be constant for different \alues 
of h 

The following are values of c deduced from some very 
trustworthy experiments on weirs with no end contractions 
The values of h have been corrected for velocity of approach, 
but the correction m all cases was small 


Length of 
Crest 

Head h. 

Discharge Q 


Authority 

50 

82 

12 Cl 

63041 

Ftele} and Steams 

„ 

68 

9 38 

6276 \ 6284 


n 

47 

5 37 

6272) 

. 

,, 

22 

1 747 

6365 

r 

„ 

10 

586 

6852 


9 995 

1 0048 

33 49 

6292 

Francis 

n 

9834 

32 56 

6248 6239 

n 

„ 

7979 

23 79 

624C 

r> 

18 99G 

1 6184 

130 12 

6223 

Fteler and Steams 

n 

9307 

62 02 

6195 -6201 

n 

» 

4690 

£0 18 

CISC 

" 
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Tor the same heads the coefficient m was verj approxi 
mately the same for the four lengths of weir used The 
following table gives a selection of the -values obtained from 
an average of the results on all the weirs. The coefficient 
for standard weirs will be denoted by m 0 — 


Standard Weirs, 3 72 Feet high, with no End Contractions 


Values of Coefficient m 0 tn JCq (13) 


Head 

Feet 

h 

00 

Head. 

Feet 

A 

’*0 

Held 

Feet 

h 

00 

Ileid 

feet 

h 

OT tf 

0 197 

4432 

G5G 

4262 

1 156 

4273 

1 57 5 

4307 

262 

•1372 

722 

4259 

1 181 

4277 

1 C40 

4313 

328 

4330 

787 

4258 

1 247 

4281 

l 706 

4318 

391 

4310 

853 

42G0 

1 312 

428C 

1 772 

4324 

459 

4292 

919 

4263 

I 378 

4291 

1 837 

4329 

525 

4278 

984 | 

4266 

I 444 

4297 | 

1 903 

4335 

SOI 

42G9 | 

1 050 ( 

4269 

1 609 

4302 / 

2 9G9 

4341 


Next the influence of velocity of approach was examined 
For this purpose the height of tho weir above fcho bottom of 
the approach channel was altered to 2 4G, 1 G4, 115, and 
0 787 feet. Tho following tablo gives a short selection of the 
values of m for different heights of weir, and therefore different 
velocities of approach — 


Standard Weirs or Differm,* Heights 


Values of (he Coefficient rn Q for blanHari WVtrt tntf> no End ConlrttthVM 



1 

Uefcbt of " e * r * n Feet 


feet 


— 

— 


• ‘ 

A 

3 7- 

j 2 46 

2 Cl 

1 15 

0 70 

O 107 

4432 i 

4178 i 

4445 i 

4455 i 

4463 

394 

4310 i 

4326 

4310 j 

4390 ( 

4113 

591 , 

4269 

| 4729 

4377 

4403 


787 1 

4258 

' 4315 j 

442C 

1 454 J 

4609 

084 1 

4266 

1 1774 

1184 

4019 

1822 

I 1M 

4277 

4407 

154 4 

4732 

4910 1 

1 378 

1291 

4441 j 

4C05 
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To find a general formula accordant with thes® result*, 
1L Bazin flirt* from the well known eq (C) 


Q = ^s»[*+«s;} 


(MX 


where ti is the velocity of approach, and a is a constant having 
usually a vale® about 1 5 p is a coefficient less than r 'in» 
and consented with it by the relation 

n » = '‘( 1 + ”^>) ’ 

or since th® second te’m in th® bracket is a email fraction, 
n,=p(l + I 

If p u th" height of tb» weir, tb» Eettion of the rt’earn 
m the channel of approvb i* (p + aD ^ o 

approach is tt =s Q/I(l>- 1 'I , X Iteplacing Q ^7 T a 

mhjv&y 




< 10 ). 


where K is a c®w oo®fu i f nt- ^ith this relation, tn in 
eq (13) can b® found dirv-ti) from th® dm^nnons of t ® 
weir without th® nood to cal ulat/ v A careful P . ira 
of all th® results leads Bazin to adopt th® flowing ralc®s 
of ct, and h® giv®s th® pr®f®z®n> to th® fcooonl as in-' ^ 
vem®nt — 

■%-*-«£ H’-'H't)] < 17 > 

The MeQaent rams '«]/ wth lb* be^. x - i *** 
average ralu®s a* - ® 



112 


HYDRAULICS 


chap 


Value ol CoeS'cltat 

t* 

1481 
4322 
4215 
4174 
4141 
4118 
4092 

Wit!) these tallies the coefficient m m ei) (17) can be 
found, and the discharge oter any sharp-edged weir without 
end contractions calculated, including the influence of the 
t elocity of approach The formula then supersedes for such 
weirs the less convenient formula; (5 or 6) previously given 
further, the talucs of p arc very npproaimntcly given hj the 
relation 

,. = ° 405 + j~ (18) 

lor heads from 0 3d to 1 0 ft with close approximation 

n. o = 0 425[l + i(A 5 ) ! ] (18a), 

winch can be used when a possible error of 2 to 3 pel cent 
can be allowed 

In the case of weirs with vertical faces and flat crests of 
a width d , such as weirs constructed of horizontal beams of 
square timber, the weir sheet adheres to the crest if h < I od , 
it may adhere or spring dear from the upstream edge if 
h> 1 5tt and < 2d, and springs clear if K>2d 'When the 
sheet ib adherent to the crest the coefficient of discharge 
depends on the ratio h/d, and is approximately for weirs with 
no end contractions 

171 = w,,^0T + 0I85^J (19), 

where wi 0 is the coefficient for a standard weir of the 
same height. Even with a head of 148 feet and a width of 
crest of 6 6 feet, so that h/d ~ 0 22, the coefficient of discharge 
was 0 337, which is little different from the lalue given by 
the equation If h>2d the coefficient of discharge is the 
same as for a standard weir of the same height A rounding 


Head 

h 

0 164 
328 
G5G 
984 

1312 

1 640 
1 9C8 




mtb inclined fare-* and with cn«Ls utlnr idiarp flit or 
rounded. A »-hort nl»*trict of tln*v> would U of little use, 
the origin*! account must !«' refund to. Tin wur slant 
tabes tlio follow mg form* (l) Im war sheet a* m the cu* 
of a sharp-edged wtir the sliixt filling fn.nl) in the ntr 
For tins condition the coclliuont of diK-htirgi i* In *a defined 
(2) T)epre**cd sheet nml sheet drowned mule mi »th If pro 
usioti w not hinde for fno access of mr below the shett uiul 
if t!ie heid does not exceed n certain limit tin shut is 
detached from the weir, mid encloses a solmiu. of nir nt less 
than atmospheric pressure The tail wntir rises m lc\el 
behind the sheet, nnd the sheet is depressed h) tho excess of at- 
mospheric pressure on itR outer fico( I lg 77 A) The discharge 
is somewhat greater than for a fret sheet If tlio he id increases, 
the whole of tho air beneath the sheet is expelled, nnd tho 

8 
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sheet may be said to be drowned underneath (C) It rides ever 
an eddying mass of water in the space which, with a free sheet 
is occupied by air The sheet drowned underneath may oi 
may not be affected by the tail water If at the foot of the 
weir there is a rapid followed by a brusque elevation or stand 
mg wave, the tail water level does not influence the discharge 
On the other hand, if the tail water covers the foot of the 
descending sheet, it may influence the discharge although its 
level is below the weir crest (3) Adherent sheets (B) In certain 
cases with small heads the sheet becomes directly adherent to 
the downstream face of the weir, without any eddying mass 
of water behind it This condition corresponds often to a 
marked increase of discharge When the tail water rises 
above the weir crest the sheet drowned underneath pieseries 
its general form, until for a certain difference of head and tail 
water level it bieaks into waves 

68 Measurement of the head at weirs — It is assumed 
m the preceding discussion that the head on the upstream 
side of the weir is measured at a point above the origin of the 
curie of surface fall towards the weir Fteley and Stearns 
concluded that the distance from the weir should be at least 
two and a half times the height of the weir aboic the bottom 
of the channel of approach, but no doubt this would be mi 
excessive distance if the height of the weir is largo comp trod 
with h The exact measurement of the head js \ery important 
and a hook gauge (§ 41) should be used, as accuracy m nn 
portant With h = 0 1 foot nn error of 0 001 foot, or about 
a hundredth of mi inch in the measurement of h, causes an 
error of per cent in the calculated discharge ^ Vlt ‘‘ 
greater \ allies of h the percentage error is less but is not 
unimportant As the water lei el fluctuates » senes of read 
mgs nt equal internals of tune should bo observed am t ie 
arithmetical mean taken 

CO Practical gauging by weirs — Tho most nccura i 
method of Ringing the discharge of small streams ns m ll ' ar 
taming the flow from a t itch men t basin is to construct a wur 

of timber or concrete across the. strerni A single ri 11 1M * 0 
the head gnes tho means of calculating tin di*chuv nu*^ 

©1 smut ton* nix made once or twice » di} for as l° ri 4 ° I" fl '* 
ns iir-o irj ]or smdl flows n trmnguhr notch »»*) 
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used, but ordinarily the notch is rectangular. An auto- 
matic registering apparatus may be used, motion being given 
to a pencil by a float through the action of a cam designed to 
allow for the variation of the coefficient of discharge. The 
reduction of the results is simplified if a weir with no end 
contractions is used, as the coefficient is nearly constant The 
crest of the weir should be a metal plate, flush with the 
upstream face of the weir, with planed edge accurately levelled. 


plan or 
CAST IRON key: 



78 

n > , ^ C ' vrcirs. — When water is collected in 
d'» xj,) x r t<>Wn ' from moorland di'-tncL", it H 

t*« *’ the char wat«r of ordinary period* from 

1 ^ " ut,r m of food. Th** latter n direrud 

u v % ’ N ’* lo “ n*vnoir uvd only to fjpj Ir comp^a- 

w« v , ,r *'•*'*■'*% TLx- i« <*r’^t«d Ir a grating 

! e* ,, ' > th- h-Yn.sr. l'i^* 78 rVwsc'/ 

* *■ n- , 8 Vt ” Wnh fma!l c- C”V th* water 

* '-’-r Ota.:-! Ir-i.r..* to tV nvnv.r In 
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flood-time the water springs oier the gap, and flows mto a 
channel beyond the weir 


PrOD&EM? 

1 Find the discharge through a rectangular notch, sharp-edged, and 

with complete contraction The notch is 3 Act wide, and the 
head 1 J feet Velocity of approach negligible. 

13 23 cubic Act per second. 

2 What will bo the discharge of the same notch if the aclocitj or 

approach is 3 feet per second 1 IG 7 cubic feet j* r second. 

3 Find the discharge oter a sharp edged weir 10 Axt with, with a 

head of 0 inches. There are no end contractions 

21 55 cubic feet per second 

4 Find the discharge of the same weir b) Bazin's formula, taking 

the height of the weir to be 2 Act 

22 00 cubic feet per second 

5 What must be the width of an oacrfall weir to discharge 24 cubic 

Act per second, with 8 inches head ? Coefficient 0 G2 

13 32 feet 

C A district of 6500 acres (I acre = 4 3, 5C0 square Act) drains into 
a reservoir Tho maximum rate at which rain falls is 2 inch w 
in 24 hours. Supposing tins ram to fall when the nwnoir 
is full, it would ha io to be discharged oicr the lye wash mir 
Find the length of such a weir under the condition that tic 
head shall not exceed 18 inches. Coefficient of weir 0 6& 

64 1C Art 

7 A sharp edged weir, with full contraction, n 10 Act long, nr I 

has 15 inches of water passing otcr it find the discharge 1} 
Francis* formula. 4G 27 cubic fat jer soronL 

8 Itnd the dtscliargo from a triangular right angled notch with 

2 feet heath 14-93 cubic Art p r *eoor 1 

9 A sharjvedgcd rvctanguLir weir is to discharge dad} 30,000 , 000 

gallons of compensation water, with n normal he id of 16 
inches. The end contractions arr ra\ pn-vvd, an 1 the ar! 
of approach mulled le. bind the I ngth of tl c wur 

6'>9 feet 

10 Draw a curac of discharge from a right ang! *1 triangular r t h 

for dilArvnt heads. The discharge nisi U» calc lLitoJ fj- 2, 

4, 8, and 12 inches heat Coefficient 0"C 

11 A lake discharges orcr a wur 6 f et high ato\c tic p'rr*-i I* I 

and 10 fret wi!< The water lcr.1 »t«m tfewnr /« <* * 
anl Wow th wnr C f-et, alore the »tmti A’l **“' * * 
discharge taking the et- ffi lent of t? e wrirc-00 

f 4 * 1 rul !C A- t jerwrr-t 

12 t weir it 30 fret J ”g an J ha* 18 Ire* r* 1 eat Tic N S' ' 

th- weir A 3 feet. Tie chanr-l «f *]| *» b A * Ir **" * 
wllth as the wnr I it 1 tl e «!*»•! srgr 

1 i*«7 r 1i- f ct pr * * 




CHAPTER VI 

STATICS AND DYNAMICS OP COMPRESSIBLE FLUIDS 

71 The present chapter deals with a few problems 
relating to compressible fluids which are closely related to 
those discussed in the preceding chapters. In compressible 
fluids the density varies with ordinary differences of pressure 
and temperature instead of being nearly constant as in the 
case of liquids. But some reservations may be made Gases 
are so much lighter than water that the variation of pressure 
with difference of level can often be disregarded In some 
cases, as for mstance the flow of lighting gas in mams, the 
difference of pressure causmg flow is so small compared with 
the absolute pressure that the variation of density can be 
neglected without much error On the other hand, in a large 
number of cases the \ariation of density must be taken into 
the reckoning, and then the formula for compressible fluids are 
more complicated than those for water 

Heaviness of gases — The density or weight per cubic 
unit of volume, G, must be stated with reference to some 
standard pressure and temperature The most com enient 
standards are 32° P, and one atmosphere, or 2116 3 lbs per 
square foot The volume V m cubic feet per pound is the 
reciprocal of the weight G in pounds per cubic foot V is 
often termed the specific volume 
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Heaviness of Gases at 32* F and ove Atmosphere 



Approx 

Specific 

Weight 

Cubic 


Gas 

Constant 

K. 


Molecular 

Gravitp 

in lbs per 

feet per 

PoV„ 


Weight 

Air=l 

cubic feet 

pound 



* 

G 0 



Hydrogen 

0 

0-O693 

000559 

178 30 

378819 

768 1 

Oxygen . 

32 

1 106 

0-0895 

11 17 

23710 

480 

Kitrogen . 

28 

0971 

00786 

1271 

26990 

54 6 

Carbon monoxide 

28 

0 955 

0-0773 

1294 

27380 

55 5 

Carbon dioxide 

44 

1 529 

01238 

808 

17145 

34 7 

Air . 

20 

1-000 

0-0810 

12 35 

26214 

53 2 

Steam gas 

18 

0622 

0-0502 

19-91 

42141 

85 3 

,, , ( from 

Coalgaa ^ _ 


0 485 

0-0393 

2547 


109 2 


0 354 

00287 

34 89 


149 6 

Alond ga.9 dry . 


0 803 

00654 

15-29 


65 6 

Producer gaa 


0-965 

00781 

12 80 


550 


The weight per cubic foot at 32° F. and one atmosphere 
is G 0 = ft 1 358, and the corresponding volume per pound is 
Y 0 =358 //a 

Specific heats .of gases — For the simpler gases the 
specific heats at constant pressure and volume appear to be 
nearly independent of the pressure and temperature. For the 
more complex gases it is now certain that they increase with 
increase of pressure and temperature For the calculations in 
this chapter only the ratio of the specific heats, 7 = c p /c r , is 
required, and it will be sufficient to assume that for air and 
the so-called permanent gases 7=140, for steam gas and 
carbon dioxide 7 = 1 28 

For air the following values are useful — 

7-1 = 04, y — =0 28G, - = 0714, 

r r 



72. Gaseous laws. Boyle’s law. — At a constant tem- 
perature the pressure of a gaseous mass vanes inversely as the 
volume. If P is the pressure m pounds per square foot, V the 
a olume of a pound in cubic feet, and G the weight of a cubic 
foot in pounds ; then if the temperature is constant, 

P/G = PV = constant . . . (1) 
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H P(j, Vo are the values at 32° JP and one atmosphere, then 
is a constant for each gas which has been determined 
with great precision 

Dalton's law. — In a mixture of gases the pressure is the 
sum of the pressures which would be everted by each gas 
separately if it occupied the space alone Let i lt i 3 be 
the fractions of a cubic foot of each of the ga*es in one cubic 
foot of mixture at a pressure P Then the pressures due to 
the different gases are 

Pi ~ P*i > P 2 = Pr 2 

Let w u w 2 be the fractions of a pound of each of the 
gases in one pound of the mixture, and p lt fu their 
molecular weights Then 




= 

2 *<«#») * 


1 "=(«#•) ' 

ft/ * - id p.) 


( 2 ) 


Charles’s law — Under constant pressure nil gnscs expand 
alike Thus between 32° and 2X2° T ode cubic foot expands 
to 1 3C54 cubic feet, or, putting it another way, a gas expands 
1/493 of its \olume at 32° for each degree rise of temperature 
Let V 0 be the volume of one pound at 3 2° and Y its lolurne 
at t°, the pressure being the same 


V -V.(l + 


/- 3 2 \ __ 
493 / 


461 +/ 

' 0 461 + 32 


(3) 


If temperatures are reckoned from — 461 on the Fahrenheit 
scale, in which ca*e thej arc termed absolute temperature? 
the equation takes a simpler form- Let T, T 0 be the alwdute 
temperatures corresponding to P and 32° 

V/V,« T/T, (0 

Tlie laws of Ho^Io and Charles can be combined to giu 
the general relation of procure, a ohnue, and temperature m 
gn«cs lor, let 1* 0 V 0 T p l*e the pressure, aolurm, and ttia* 
lx.mtureof one pound nl 32* K, and J\ V, T the same qu-inUtn* 
tinder other conditions. Bj CJinriiVs law, if T t changes 
T, and V 0 to the procure remaining constant 
V - V,T/T 0 



COMPRESSIBLE FLUIDS 


123 


for instance indict of mercury Putting 11=26190, and 
substituting common for natural logarithms 

C0300log,/-> It 
Tt 

Let /„ f, be the temperatures at the two stations. The 
mean temperature of the air between the stations is approxi- 
mate!) f = jj(f| + <.) But a column of air 1 foot high at 32° 
expands to 


at t°. Hence the true height between the stations corrected 
for temperature is 7-(A s — fl,) 

Example. — The observed barometric heights at two stations were 
30 and 27 inches, and the corresponding air temperatures 65* and 50* F 
A, - = 60300 log (30/27) = C437 H 
The mean temperature was 57* 5 

i = 1 + (57 5 32)/493=l-05 

Corrected difference of level = 6437 x 1 05 = 6759 ft. 

75 Flow of air through onflees under small differences 
of pressure — In some cases the air is discharged from a 
xessel m which the pressure is rather more than an atmo- 
sphere into the atmosphere. In that case the difference of 
pressure causing flow is small, and the variation of density 
of the air is very small also For instance, if the difference 
of pressure is one pound per square inch the pressure ratio is 
15 7 to 14 7 lbs. per square inch, or 1 07 nearly, and as in 
the cases under consideration there is no material change of 
temperature, this is the ratio of lanation of density also In 
many practical cases the variation of pressure and density 
is even smaller than this. In such cases the flow may be 
treated as if the fluid were incompressible 

Let p u p, be the absolute pressures in pounds per square 
foot inside and outside the reservoir from which the air flows 
Tj the absolute initial temperature F 
v the velocity acquired by the air 

Vj the volume of a pound of air at pressure p i and 
temperature Ti 
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sea level is 29 92 inches or 2 493 feet and the weight of air 
at 32 * and that pressure is Gr fl * 0 05073 lbs per cubic foot. 
Hence 


H*= 


848 x 2 493 
08073 


= 26187 feet 


74 Variation of pressure with elevation Application 
of the barometer to determine heights —Let the atmo 
sphere be at 32° F, and let Gr be its density at h feet above 
the point where the pressure is one atmosphere If p is the 
pressure at a height h the pressure at Ji+dh will be Jess by 
the weight of a layer of thickness dh That is 


dp = -G dh 

But at constant temperature p/G =p fl /G 0 where y 0 G 0 am 
■values at 32° and one atmosphere 


G=pG 0 /p 0 
dp= - (G<jxlh)(p 0 

Integrating since p = when h = 0 

. \ G ft A‘ 

log,p-log*/» 0 = - 

OoA 


( 8 ) 


The quantity pjG z is the height H of a homogeneous 
atmosphere at 32° F above a point where there is standard 
pressure and density 

p-p 0 c h ( Sa ) 

The height above a point where the height of a homogeneous 
atmosphere is H is 

where p p 0 arc the barometric pressures. If y, 2 1 ar<> 
barometric pressures at two stations at heights h x h s above 
the pomt where the pressure is one atmosphere 


h.-h^Uioybh < s '> 

As p v //>, is a ratio t!io pressures maj bo taken in an) units 
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for instance inches of mercury Putting H= 26190, and 
substituting common for natural logarithms 

h 2 - Aj = 60300 Iogju^ ft 
Pi 

Let t it t a be the temperatures at the two stations The 
mean temperature of the air between the stations is approxi- 
l, 

2 

expands to 


at t° Hence the true height between the stations corrected 
for temperature is l(h a — A,) 

Example — The opened barometric heights nt two stations were 
30 and 27 inches, and the corresponding air temperatures G5* and 60" F 
Aj-Ajss 60300 Jog (30/27) = 0437 ft 
TJie mean temperature was 67" 6 

A = l + (57 5 32)/493=l 05 

Corrected difference of lei cl ■= G437 x 1 05 = G769 ft 

75 Flow of air through orifices under small differences 
of pressure — In some cases the air is discharged from a 
vessel in which the pressure is rather more than an atmo- 
sphere into the atmosphere. In that case the difference of 
pressure causing flow is small, and the variation of density 
of the air is aery small also For instance, if the difference 
of pressure is one pound per squaro inch the pressure ratio is 
15 7 to 14 7 lbs per square inch, or 1 07 nearly, and os in 
the cases under consideration there is no material change of 
temperature, this is the ratio of \anation of density also In 
many practical cases the aanation of pressure and density 
is even smaller than this. In such cases the flow may be 
treated as if the fluid were incompressible 

Let p, bo the absolute pressures in pounds per square 
foot inside and outside the reservoir from which the air flows 
Tj the absolute initial temperature I 
v tlio adocit) acquired b} the air 

V, the volume of a pound of air at pressure p t and 
temperature T, 
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m ot a cutac foot >' 
Gi * e W “ S ^ D „ the variation < 
Then neglcctmg 
logfiowisCPi'-M 61 


=7 1 2 


29& sf I ' 


f the orifice i 

Q=w»= f *7v }t 5r' 

Gl of a cubic foot o r 
The weight t,i 

temperature i T>lbsr 

htinpo—'- 

Hencetbewmg ^ ^ 

/(„ Piffi 

Wf 3 53=1 

/rjt' 


1 lew 


-7* 


lr 

th small <liff ’ 
■When dealing ''the pressure 3 m ' 

One 1DCl1 a t m ' ncheS ° J " 
pressure 3 are (jl> 

■W = 5 7S W «/ 

, „ ln5 camel out 
Professor D^'Jged onf^ 3 , 
th e discharge of ^ , ar o f«»J 
with ''"^^rfolL-ng table 

S-— 4 ' 


i, 
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Values of c 


Diameter 
of Onfico 
m laches 


Heads 

in Inches of W atcr 


l 

2 

3 

4 

5 

s 

0 603 

0 606 

0 610 

0 613 

0 616 

1 

0 601 

0 603 

0 605 

0 606 

Q 607 

2 

0 600 

0 600 

0 600 

0 600 

0 600 

3 

0 599 

0 598 

0 597 

0 596 

0 596 

U 

0 598 

0 596 

0 594 

0 593 

0 592 


The channel of approach to the orifice was at least twenty • 
times the area of the orifice, so that the velocity of approach 
was negligible 

76 Expansion of compressible fluids — Two cases are 
important If the expansion takes place without change of 
temperature, heat must be supplied during expansion , Boyle’s 
law is applicable, and tho product PV is constant Such 
expansion is termed isothermal or hyperbolic. If no heat is 
supplied or lost during expansion, it is shown in treatises on 
thermodynamics that the product PV r is constant where y is 
the ratio of the specific heats at constant pressure and constant 
aolumc Tho expansion is termed adiabatic, and as external 
work is done at the 
expense of the internal 
energy of the fluid the 
temperature falls. 

Let one pound of air 
expand from Y, to V, 
the pressure changing 
from P, to Pj. Then 
rssVj/V, is the \olmnc 
ratio of expansion, nnd 
p «= P./P, inaj conveni 
entlj be called the pres 
sure ratio of expansion 
The rvhtion of pressure 
and xoUime during ex- 
pansion is gnen graphically bj a curve CD 
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small change from V to V the work of expansion is VdV 
Hence the whole work of expansion from the state gncn b> 
PjVj to that giten b) P,V„ reckoned per pound of fluid, is 

/■'* 

U= PJVftlbs 

J v, 

Work of isothermal expansion — Since in this case 
PV is constant, the expansion curve CD is a hyperbola 
P* P,V,/V Hence 

J v 2 ^ 

V, 1 

-P.V.log.r-P.V.log.iftlb. (13) 

Work of adiabatic expansion —In tins caso PV r = 
constant 



KO.-T,) 

*-« } 

It is coniennnt to runember the f blowing nations in 
adiabatic expansion — 
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It is nbo useful to state the therraodj mime result that the 
change of temperature in adiabatic expansion is given by the 


relation 



77 Modification of the 
compressible fluids — 5>u} po'-e 
tint m a short turn, t the in isa 
AB conies to A ; B Let P, o>, 
tj, Gi» Yj Tj, be the pn>sim 
section, "velocity weight per 
cubic foot, volume }«r pound 
and absolute tempcntim. it A 
Let P, aij t, 1 4 U the 

same quantities at B The 
motion being stt idy the weight 
of fluid passing A and B in t 
given time must be the s uue 1 
second, 

U -G^f, 


r » 

r ’ 06 ) 

theorem of Bernoulli for 



o o 

Fg 83 

' W is the flow m pounds per 
G 


If Sj z t arc the heights of V and B ahou tin. datum plane 
the work of grivitj i 

j) ft lbs pei sec 


The work of the pressure on the stctnns> it A and 13 i<? 

PjWjf, ft lbs per sec 

The work of explosion i*- 

P l\ »l/ It lbs per sec 


The change of kinetic entrgv i-* the djfltienceof the energy of 
7V lbs. entering at A and W lbs leaving it B That is 


B 

2? 


,<* " 


?j ) ft lbs per sec 


Equating the work done to the change of kinetic energy, and 
for simplicity dividing by W 
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small change from V to V -f dV the work of expansion is IV? V 
Hence the whole work of expansion from the state gnen by 
PjVj to that given by P 3 Y«, reckoned per pound of fluid, 13 

r* 

U= VdV ft lbs 
j V. 

Work of isothermal expansion — Since in this case 
PV is constant, the expansion dine CD is a hyperbola 
P =P,V,/V Hence 

r'' ’a' y 

U = P,vJ V'WOK'V 

J \\ 1 

= P,V, log, r = P,V, log, i ft lbs (13) 

Work of adiabatic expansion — In this case PV’~ 
constant 




y ~ 1 


K(T t -T.) 

7'1 


It is con\cmcnt to remember the following relations in 
adiabatic expansion — 
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It is also useful to state the thermodynamic result that the 
change of temperature m adiabatic expansion is given by the 
relation 

N r-i r- 1 
*P y 




( 16 ) 



77 Modification of the theorem of Bernoulli for 
compressible fluids. -—Suppose 
that m a short time t the mass 
AB comes to A'B' Let Pj, & v 
v„ G 0 V J( T*, be the pressure, 

Bection, velocity, weight per 
cubic foot, volume jier pound, 
and absolute temperature at A 
Let P a , <u 2 , v„, G s , V 2 T 2 be the 
same quantities at B The 
motion being steady, the weight 
of fluid passing A and B m a 
given tunc must be the a ime If IV is the How m pounds per 


Fig 01 


\V=G jWj i, = G „ ^ 

If z lf z % arc the heights uf A and 1» a?x>\» thi ditum plane, 
the work of gr.wit) is 

j - ” x ) = W ( j - ft lbs per ecr 
The work of the pressun> ow tin skUou- it A and B is 
PjiOjfj J'» ft 11>' per ser 

The word of expansion 


II VI\ IS l ft lb* j«tr f 


The change of him tK iinui w tin dill mi * «>f ih* «m*rg} of 
IV lbs. entering at A md U lb* !< mtu it B Hnt y, 


\\ 

, ( f 


) i i is* ( t 


Eq il it mg the work dent t«> tin. than^i. <j( kinetic eatrgj and 
for f implicit) diudm^ b) IV 
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% + ^ , TJ — ~ tj l> 

1 G x + u 7 >g 


( 17 ) 


An expression, similar to that for liquids, except that the work 
of expansion. U appears The result may he stated thus the 
total head at A, plus the work of expansion between A 
and B, is equal to the total head at B Since A and B are 
any two points, it may be said that the total head along a 
stream line increases by the work of expansion (or decreases 
by the work of compression) to that point If difference of 
level is neglected and the expansion is adiabatic, eq (14), 


, 2_t> 2 P P 

J — O. = tj + -1 - LU + PV -P V 
2 g U+ G, Gj U+1 7 V 1 




• ( 18 ) 


78 Flow of compressible fluids from onfices when 
the variation of density is taken into account — When tho 
flow is due to pressure differences which are not small com- 
pared with the absolute pressures m the fluid, tho work of 
expansion is not negligible Suppose the fluid flowing from 
a point in a reservoir where the pressure is Pj, and where it 
is sensibly at rest, through an orifice into a space where tho 
pressure is l* s , and where it has acquired tho \ clocity 
Neglecting any difference of lciel, and introducing a coefficient 
ofaelocitj c, to allow for the resistance of the orifice, from 
cq (18), 

• <>»> 

Approximate equations — When the pressure difllrcuco 
is small, let S = (P, — l*-)/Pj, so that p = P ; /Pj “1—8, where 
Z is a small fraction 


izl 

l-/*’ 


7 7 **1 
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Then eq (19) becomes 

r ' = s/{- J \f'} (20) ' 

the approximate equation previously obtained on the assump- 
tion that the fluid could be treated ns incompressible for small 
pressure differences. A closer approximation is obtained by 
taking another term in the expansion of 


0-S) T . 



( 21 ), 

i ' -I- i r 

an equation given by Grashof 

Weight of fluid discharged from an orifice — Let <y 
he the area of the orifice, and c e the coefficient of contraction 
Pj Yj be the pressure and xolume per pound in the 
Renoir, P^ Y 2 the same quantities in the space into which 
the fluid is discharged. Let r be the volume and p the pres 
Bure ratio of expansion in the stream issuing from the orifice 
ho volume discharged per second, reckoned at the lower 

1 ressure, is 

. ,, Q- *= c,vm cubic feet, 

md the weight is 


W; 


■ lbs per second 
’ 2 


Put Vj - rV 1( a n d putting c = c t p { 

w 


Put 


by eq (18) 
T-J 

r J 


V 




( 22 ) 


au <l this is a maximum when P»/P, «= p i« 
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wlucli may be called the critical pressure ratio II y ~ 1 4, as 
for air, the discharge is greatest for $ = 0 52S The uminnim 
discharge, puttmg m the value of p just found is 


and for <y» 1 4 this becomes 

^ mux ~ 3 SSoCu) 


the external pressure being then a little more than half 
the pressure in the resenoir When T./Ti is less than <£, the 
critical value of the pressure ratio or m other words if 1\ is 
greater than £P S the weight of fluid discharged diminishes a 
result which is paradoxical and extremely improbable It 
must therefore be inquired if there is anj defect in the 
reasoning There is one assumption which is unverified, 
namely, that the expansion is completed at the contracted 
sectiou of the jet, and that the pressure at that section is P- 
’Expenmonts, first made by 3Ir 
ft D Napier with steam showed 
that for P- Pj lc'3 than the 
pre^uro at the contracted section 
was greater than the external 
pressure P- and that tho fluid 
continued to expand after the 
contracted section was passed. 
Hence the section at which the 
£ 2 . pit same is P s is a section gn ihr 

than C'Q ), and mi j non be git itir 
than the area of the orifice. The jti when JVPi is th* n 
( * » tabes n form like that shown in 1 ig 82 

The centrifugal force of tho tuned t lemon tan t-tn 
near tlie contracted section makes the un in pn sure thin- 
grtattr than l’j. Kxpemneftl shows further that whin * <r 
P 4 d’ t is Io a s than £ tho dindi ir*e is found bj sul vlrtuting 
$\\ for Ik in the pn»nl iq (22). Ihncc for «c?i t**" 
th» dinharge is found In using cq (24) in*t« 1 1 of cq (22'< 
Discharge or ftlr from orifices — I*»r mr, 7 «i t “ f, d 
^»w0*»28 Two a* i Offur (<i) Wh<» ft- I\ n r 
than $ and putting p f >r 1 VP, 
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(25) 

(b) When P 2 /Pj is less than <£, 


IV- 3 885ctu 1 

(25a) 


It appears that for sharp-edged circular orifices, c = 0 64 , 
for short cylindrical mouthpieces without rounding at the 
inner edge, c = 081 to 083, for short conoidal mouthpieces, 
c = 0 97 , and for coned blast nozzles, c = 0 86 

The discharge of steam under great differences of pressure 
is complicated by variations of wetness m the steam and 
other circumstances Careful experiments by Mr Rosenhain 
are described in Proc Inst Civil Engineers, cxl 199 For 
dry steam and Pj/Pj * es3 than <f>, 

W = 0 lgOSCeWpj 01 * 7 lbs nearly , (26), 

or, what is the form of the equation more generally given, 

W = to (26a), 

where Yj is the specific \olume of the steam at the 
pressure P, 
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79 When a liquid flows in contact with a solid surface, or 
when a solid of shipshape form moves m a liquid at rest, 
there is a resistance to motion which is termed fluid friction, 
though it is wholly different m character from the friction of 
solids At very low velocities the motions of the fluid near 
the solid may be stream line motions, and the resistance is 
due to the shearing action of filaments moving with different 
velocities Such conditions hardly ever obtain m cases of 
practical interest to the engineer Whenever the velocity is 
not very small, eddies are generated which absorb energy 
afterwards dissipated in consequence of the viscosity of the 
fluid The frictional resistance in this case is measured by 
the momentum imparted to the water in unit time when a 
solid moves m still water, or abstracted from the motion of 
translation and dissipated when a current flows over a surface 

The laws of fluid friction may be stated thus — 

(1) The frictional resistance is independent of the pressure 
m the fluid. 

(2) Under certain restrictions to be stated presently the 
frictional resistance is proportional to the area of the immersed 
surface 

(3) At very low velocities the factional resistance is pro- 
portional to the velocity of the fluid relatively to the surface 
At all velocities above a certain critical value depending on 
the general conditions, that is, m all cases in which the motion 
of the fluid is turbulent, the frictional resistance is nearly 
proportional to the square of the velocity 

Also in cases where the motion is turbulent — 
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(4) The frictional re c i<tincc increases very rapidly with 
the roughness of the solid surface. 

(5) The fnctional rc«i«tancc is proportion'll to the density 
of the fluid 

These laws can be expressed mathematically for the ca«c 
of turbulent motion in this way Suppose n thin board of 
total area w, wholly imracrad, to move through a fluid at 
rc«t with a aclocity r Let / be the fnctional resistance 
reckoned per square foot of the surficc at a \elocity of one 
foot per second. Then the total resistance of the board is 
R = /wf 5 lbs (1), 

where / is a con°tant for a gnen quality of surface and a 
fluid of gaacn density It is conaoment to express this in 
another way Let ^ = (2y/)/G, where f is termed the 
coefficient of fnction Then 

K = {G^Ibs (2) 

As the board mo\es through the fluid the resistance is 
oaercome through a distance of v feet per second Hence 
the work expended in oaercoming fnction is 

U ** fur 3 = £G«^ ft lbs per see (3) 

The following are aaerage values of the coefficient of 
friction for water, obtained from cvpenments on large plane 
surfaces moved in an indefinitely large mass of water — 




Fnctional 


Coefficient 

Resistance in 


of Fnction 

lbs. per 



square foot 



/r* 

J*ew well painted iron plate 

-00489 

-00473 

Painted and planed plank (Beaufoj) 

•00350 

•00339 

Surface of iron ships (Rankine) 

■00362 

•00351 

Varnished surface (Fronde) 

•00258 

00250 

Fine sand surface » 

•00418 

•00405 

Coarser sand surface , 

■00503 

•00488 


80 Mr Fronde’s experiments — The most valuable direct 
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experiments on fluid friction are those earned out by Sir W 
Fronde at Torquay 1 The method adopted was to ton a thm 
board in a Btill water canal, the velocity and resistance being 
simultaneously recorded The boards were generally 3/1 G inch 
thick and 19 inches deep, with a sharp cutwater, and from 
1 to 50 feet m length The boards were covered with various 
substances, such as paint, varnish, tinfoil, sand, etc , to deter* 
mine the influence of different roughnesses of surface The 
results obtained by Hr Xrcude may be summarised as 
follows — 

(1) The friction per square foot of surface vanes very 
greatly for different surfaces, being generally greater ns the 
sensible roughness of the surface is greater Thus, when the 
surface of the board was covered as mentioned below, the 
resistance for boards 50 feet long, at 10 feet per second, was — 


Tinfoil or varnish 
Calico 
Fine eand 
Coarser sand 


0 25 lb per square foot 
047 „ „ , 

0 405 „ , „ 

0 488 „ 


(2) The power of the velocity to which the friction n 
proportional varies for different surfaces. Thus, with short 
boards 2 feet long — 

For tinfoil the resistance varied as r 258 
For rough surf ices „ „ 


With boards 50 feet long — 

For varnish or tinfoil the resistance varied as i ,ts 
For sand » » t ’* W> 


(3) The average resistance per square foot of surfueo was 
much greater for short than for long boards, or, what is tbc 
same t!img, the resistance per square foot at the forward port 
of the board was greater than the friction per square foot of 
portions more sternward Thus at 10 feet per second 

V«n n- ‘UUDce $n 11*- 
prr S'juan? loot 

Varnished surface 2 feet long O 4 1 

„ „ 50 „ 0 2V 

1-inc «and Mirfiee £ ». 2 

60 , 0 405 

* /n ui ZV/Nf/i 1875 
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This remarkable result is explained thus by Mr Troude 
“The portion of surface that goes first in the line of motion, 
in experiencing resistance from the water, must in turn com- 
municate motion to the water in the direction in which it is 
itself travelling Consequently, tho portion of surface which 
succeeds tho first will be rubbing, not against stationary water, 
but against water partially nun mg in its own direction, and 
cannot therefore experience so much resistance from it ” 

The following table gives a general statement of the 
numerical values obtained by Mr Froude In all the experi- 
ments in this table the boards had a fine cutwater and a fine 
stern end or run, so that the resistance was entirely due to 
the surface Tho table gives the resistance per square foot 
in pounds, at the standard speed of 600 feet per minute, and 
the power of the speed to which the friction is proportional, 
so that the resistance at other speeds is easily calculated 
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experiments on fluid friction are those carried out bp .Mr W 
Fronde at Torquay 1 The method adopted was to tow a thin 
board in a still water canal, the velocity and resistance being 
simultaneously recorded. The boards were generally 3/16 inch 
thick and 19 inches deep, with a sharp cutwater, and from 
1 to 5 0 feet m length The boards were covered with various 
substances, such as paint, varnish, tinfoil, sand, etc., to deter- 
mine the influence of different roughnesses of surface The 
results obtained by Mr Froude may be summarised as 
follows • — 

(1) The friction per square foot of surface varies very 
greatly for different surfaces, being generally greater as the 
sensible roughness of the surface is greater Thus, when the 
surface of the board was covered as mentioned below, the 
resistance for boards 50 feet long, at 10 feet per second, was — • 


Tinfoil or varnish 
Calico 
Fine sand 
Coarser eand 


0 25 lb per square foot 

0 47 „ „ „ 

0 405 „ „ „ 

0488 ,, „ „ 


(2) The power of the velocity to which the friction is 
proportional varies for different surfaces. Thus, with Bhort 
boards 2 feet long — 

For tinfoil the resistance varied as v 2 18 
For rough surfaces „ » V s 00 


With boards 50 feet long — 

For varnish or tinfoil the resistance varied as 
For sand ,» » 


(3) The average resistance per square foot of surface was 
much greater for short than for long boards , or, what is the 
same thing, the resistance per square foot at the forward par 
of the hoard was greater than the friction per square foot ot 
portions more sternward Thus, at 10 feet per second ■ 


Varnished surface 
»» »* 
Tine sand surface 


JUesQ Heptanes In U*. 
per Square Foot 


2 feet long 041 

GO „ 0 2 r < 

2 „ 081 

50 „ 0 405 


Lnush. Jssocxa lion fei oris 1875 
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Tins remarkable remit is explained thus b) Mr Fronde* 
"The portion of surface tint goes fir>t in tlie lino of motion, 
in experiencing remittance from the water, mint in turn com- 
municate motion to the voter in tlie direction in winch it is 
it c clf tra\ oiling Con'cqncntly, the portion of suffice which 
succeeds the fir=t will be rubbing, not against stationary water, 
but against water partially loosing in its own direction, and 
cannot therefore experience so much resistance from it ’ 

The following table gnes a general statement of the 
numerical aalues obtained by Mr 1 roude In all the experi- 
ments m this table the boards had a fine cutwater and a fine 
stern end or run, so that the resistance was entirety due to 
the surface. The table gi\cs the resistance per square foot 
in pounds, at the standard speed of COO feet per minute, and 
the power of the speed to which the friction is proportional, 
so that the resistance at other speeds is easily calculated 


Length of Sarfice or Distance from Cutwater, in Feet- 
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whether the friction 25 supposed to dimmish at the same rift 
or not to diminish at alL If the decrease of friction stem 
wards is due to the generation of a current accompany mg the 
moving plane, there is not at first sight any reason why the 
decrease should not he greater than that shown by the c\pcn 
raents The current accompanying the board might be assumed 
to gam in xolumc and lelocity stemvrards till the \clocit) 
was nearly the same ns that of the moung piano and the 
friction per square foot nearly zero That this docs not 
happen appears to he due to the mrang up of the current 
with the still water surrounding it Part of the water m 
contact with the board at an} point, and receiving eneig} of 
motion from it passes afterwards to distant regions of still 
water, and portions of still water arc fed m towards the 
board to take its place In the forward part of the board 
more kinetic energy is given to the current than is diffused 
into surrounding space and the current gains 111 xclocit} 
At a greater distance back there is an approximate balance 
between the energy communicated to the water and that 
diffused The Velocity of the current accompanjing the howl 
becomes constant or ncarl} constant, and tho friction per 
square foot 19 therefore nearl} constant also 

81 Friction of discs rotated in water — In many 
hydraulic machines turbine* and centrifugal pumps surfaces 
rotate in water and the friction is an important cause of lo'S 
of energy A di*c rotated in water is urtudl} a surf ice of 
indefinite length m tho direction of motion and experiment 1 * 
carried out in this waj b} the author, Froc Inst Cud Inn 
Ixxx 1885 permitted considerable sanation of tho condition* 
Fig 83 shows n section of the apparatus. It consisted f f 
a wooden frame on which was j laced a cast iron mtern C 
A cast iron bracket h nt the top of the frame carried a thm 
armed cro^shead lb from which an inner cistern A A wa* su* 
pended b) three fine wires. 7 he crosshead could lc adjur'd 
to am position and cl imped by tho nut a Adjudm,. 
screws 111 the nnns of the cro^head |>cnnittcd the cishrn AA 
to be lea tiled The di^cs which were to lx rotated in ««hr 

were 10 15 and 20 inches diameter, one is shown in poMtioi 
nt DI) Icjed on a vertical shift This shaft was nntn-*! 
on conical ends ntid ilrmo hi n cifgt/t hind running m 



Fig. 83 


very little play round the gun-metal support of the spindle. 
Above the disc was a flat cover EE parallel to the flat bottom 
of the cistern. The height of the chamber in which the 
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disc revolved could be varied, the disc being always placed in 
the centre of the chamber. A thick india-rubber ring bolted 
round the cover EE made a water-tight connection with the 
cylinder. 

•To measure the friction of the disc, the reaction tending 
to turn the cistern AA was measured, for the reaction on the 
chamber must be equal and opposite to the effort required to 
turn the disc. To the suspended cylinder was attached an 
index-finger moving over a graduated scale. This was adjusted 
to zero when the apparatus was at rest. When the disc 



Fig. 64. 


rotates, the copper cylinder tends to rotate in the same 
direction. To measure the effort to rotate which is equal to 
the effort turning the disc, a fine silk cord attached to an arc 
on the cistern was carried over the pulley e to a scale-pan G. 
Weights in the scale-pan balanced the friction and kept the 
index at zero. The rotations were observed by timing tho 
rotations of the worm-wheel W by a chronograph, A c ip 
brake K on the shaft was useful in adjusting the speed 

Pig. 84 shows a plotting of ono set of results on brass 
discs o{ three sizes. It will bo seen that tho observations 
plot in quite regular curves. The three upper curves are for 
n 20-inch disc of polished brass with 14-, 3, and C-iach spaces 
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between the disc and the flat ends of the cistern The resist- 
ance diminishes a little as the spaces are narrower The 
other cunes are for a 15 inch and 10 -inch disc of brass 

82 Theoretical expression for the friction of a disc 
rotating in liquid — Let it be supposed that the general 
law of fluid friction which applies to large plane surfaces 
moved uniformly in water may be used to determine the 
friction of a disc That is, supposing w to be the area of 
any small portion of the disc moving with the velocity v, let 
it be assumed that the friction of that portion of the surface is 
fa>v n , where / is a constant differing for different surfaces, 
and n a constant which at the velocities used in these experi- 
ments does not differ greatly from 2 

Let a be the angular velocity of rotation, R the radius of 
the disc. Consider a nng of the surface between the radii r 
and r + dr Its area is 2irrdr, its velocity is ar, and the 
friction of this portion of the surface is therefore, on the 
assumption above, 

/ x 2 rrdr x a"r n 

The moment of the friction of the nng about the axi3 of 
rotation is then 

2ra n fr n+i dr, 

and the total moment of fnction for the two sides of the disc 
is then 

f R 

M = 4?ra "/ 1 r n+, dr 
* o 

n + 3' 


If N is the number of rotations per second since a = 2t-N 

<•*) 


On+t—n+l Wb 

/B-* 


The work expended in rotating the disc is m ft -lbs per sec. 1 


1 If n=2 from which it never differs much, this formula become* 

Work expended in friction = 623/7v*r* ft. lbs. |<r sec , 
where / vanes from 0 002 to 0*003 for ordinarily rough surfaces and increase* 
to 0*007 for the rough surface of a metal di>c covered with coarse sand. 
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«ater a little coloured 4 lr * 

9 Th l0QT r ed " ater not q uite clea 

■ i “ e surface of the 

1 12 I ?i raera,on ° n t ,e dlsc seemed to 


.. ""lueraion 


Water a little 
a little during 
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o'. Rotate, a Discs 


Highest 

Mean 


Mr»n 

Friction per 





lalse of e 

Square Foot 


notations 

for each 

\alie 

corrected 

at 10 Feet 



kind of 

of t 

to CO 

per Second 


Second 

Surface. 


l »hr 

k/10*. 


5 875 

1 85 

0 1102 

0 1089 

0 2018 


4 501 

M 

0 1149 

0 1130 

0 2093 


6 531 

M 

0 1256 

0 1211 

0 2299 


4 686 

1 £6 

0 1169 

0 1170 

0 2182 


5 3S2 

,, 

0 1212 

0 1245 

0 2321 


5 112 

„ 

0 1329 

0 1326 

0 2473 


4 892 

1 91 

0 1106 

0 1103 

0-2200 


5 470 

,, 

0 1160 

0 1169 

0-2331 


4-237 

2-OG 

0-0975 

0 09S6 

0-2167 


5 ICO 

1 86 





5 010 

2D0 

0 1029 

0 1017 

0-2129 


5 321 

u 

0 1101 

0 10«5 

0 2273 


4 990 

,, 

0 1176 

0 1162 

0-2132 


4 450 

2 05 

0 1572 

0 1557 

0 33 °5 


3 300 

1 91 

0 3001 

0 3019 

0 6874 


3 C01 

M 

0 3261 

0 3277 

0 6376 


3 055 

.. 

0 36 r 8 

0 3676 

0 7153 


4 501 

1 «5 

0 1149 

0 1130 

0 20'»3 

Clumber clean 

4 075 

1 05 

0 1235 

0 1212 

0-2136 

Clismler coated with rough »an 1 

3 604 

1-01 

0 3201 

0-3277 

0 6376 

LI amber clem 

2 735 

2 17 

0 3381 

0 3325 

0-7 OS 6 

Cl an ber covered with co#r»c e«n 1 

4 501 

1 85 

0 1149 

0 1130 

O -0-13 

) 

7 50? 

,, 

0 0321 

0 0326 


} Diameter varied 

7 HP 

.. 

o-oois 

0-004S 


1 

5-CGS 

1 85 

0 1215 


0-22^1 

] Tenijwritnre varied In tl n 

5 G3Q 






5 133 

.. 

0 1003 


0 IFj • 


4 501 

1 c 5 

0 1140 

0 1130 

O-t 3 

li water 

4 70S 

l*oj 

0 IIP., 


0-64 

In Mrujs »j k.r 11^1 


/ rviarlt 

IS, IP Tl e to] iii 1 lx tlom of tl i> cl »r btr were coated will e«*r»e i. I 1« 
tl e diac In *sj>cnr ert» 15 1C IT 
-9 Tledi»cwa»» ^ltlTgr.a»v 

m 1 in *l!rt rUt !* l! t p |[»f fl« Vt 
.1 Watrr taken lr.ni an crg-tr 1« hr It »a« n * rr d it f-xm * ‘ < 
ir.nl m 1 h 1« rg 

. Ill'll 1 it , nl*ny!ufn.nrdt>* »rj m *a «r m t* » c *«m. 
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Results of Experiment 

Npmbe 

ofExper 

1 Nature of Disc and Surface 

V frtila 
Had ins 
Disc 

Tlii ck ness) 

1 oflYater iTenjrei 
o* Space on 1 tnro 
each side Fahr 
of Disc 

Towed 
ri Speed in 
notation: 

per 

Second 

1 

2 

3 

4 

6 

7 

8 

9 

10 

11 

12 

13 , 

14 

15 

16 

17 

Clean polished brass 

Painted cast iron 

Painted and varnished cast iron 
Tallowed brass * 

Cast iron 

1 covered with fine sand 

” »* » coarse sand 

Fool 

0 848J 

Inches 1 . 

* 1} 65 0 

3 53 0 

6 65*0 

1J COfi 

3 610 

6 59 0 

3 1 50 0 

6 03 0 

3 C 15 

3 67V 

1J 55 0 

3 54 0 

6 55 0 

3 56 5 1 

1} 62 5 

3 62 0 

6 1 62 0 | 

1 425 
1*459 

1 415 

1 3S0 

1 3S5 

1 787 

1 449 
1469 

1 953 

I 050 
1410 
1419 

1 409 

1 1541 

1 146 

1 113 

1 3S7 

2 

18 

16 

19 

Clean polished brass 

Cast iron covered with eoarso sand 1 

0 8488 

3 63 0 

3 52 0 

3 62 0 

3} | 63 0 | 

1459 

1 785 

1 113 

1 0 a 6 

20 

Clean polished brass 

0 S4S3 | 

3 53 0 

I 459 

21 

” " 

0 6353 

3 62 0 

2SI6 

- ” _ __ 

0 4320 

3 | 54 0 

5230 

22 ( 

-Jean polished Lra>s , 

0 61SS 

3 41 2 

1 P35 

23 

” * 

, 

3 53-0 

1 459 

24 

’ ” 


3 70 4 1 

1 Ojl , 


” 


3 130 5 

? 510j 


lean polished brass 0 

1 SiSS 

3 53 0 1 

3 1 59 5 1 

459 1 

3 C 3 f 


remarks 

2 "XS£d“ ,a COl0nKd 4 " a * £r quite clear 6 Water a little 
2 ^mimersion 0 *' faI ^ on on t^ 10 ^ lse «cmc<I to alter a little <lnnr£ 
?]• i?' *** ,ron 4 ^ttle ruftj 

W, J** w ^ f ®, a,, d '*rnUIi, and covered with fne »tn I 
I m ,/e • f bo,,t rou « ! ' « ■'War atone 

.m.'li i f a,t iron dl9c ’ tha mb ! rerr coarse, an I mixed *flh 

small (-rate! pebbles. ' 
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o\ Rotativj Discs 



nigh'st 




Friction per 




3alue of 

Mean 


Square Foot 




i for each 

\al «e 


at 10 Feet 




kind of 

of c 

to CO 

per Second 



Second 

Surface. 


Fahr 




5 875 

185 

0 1102 

0 1080 

0 2018 



4 501 

u 

0 1149 

0 1130 

0 2003 



5 531 

1 86 

0 1256 

0 1211 

0 2299 



4 680 

0 1169 

0 1170 

0 2182 



5 382 

M 

0 1242 

0 1215 

0*2321 



5 112 

( 

0 1320 

0 1320 

0*2173 



4 892 

1 01 

0 1100 

0 1103 

0-2200 



C 470 

2 : 00 

0 1160 

0 1169 

0-2331 



4 237 

0 0975 

0 09S6 

0 2167 



5 160 

1 go 






6-010 

2 00 

0 1029 

0 1017 

0 2129 



6-321 


0 1101 

0 1085 

0 2273 



4 090 

„ 

0 1176 

0 1162 

0-2132 



4 450 

2 05 

0 1572 

0 1557 

0 3315 



3 300 

191 

0 3001 

0 3019 

0 5874 



3-C04 

u 

0 3201 

0 3277 

0 6376 



3 065 

„ 

0 3658 

0 3076 

0 7163 



4 501 

1 «5 



0 2j13 

ChamUr clean 


4-076 

1 05 



0-2130 

Clianil cr coated with roiiRli »»n 1 


3-601 

1 91 

0 3201 


0 C376 

Ll amUr clean 


2 735 

2 17 

0 3381 

0 3325 

0 "i«0 

C! an Ur coiercd with coarre md 1 


4 601 

1 85 

0 1140 

©mo 

0-013 

ipianietcr varied 


7 608 


0 0321 

0 0320 



7 MO 

M 

0 00IS 

0-0018 

1 

1 


6-668 

4 '01 

6 630 

1 85 

0 1215 

0 1141 
0 1112 


0 "22 j 

0 J -M t 

0 2161 

I Trnijyrature ranel I ri t ti 

r J*»r e-iuare f wt tl fTecte 1 f r 



• 

0 1003 


0 1F5 • 


4 :oi 

1 £ 5 

0 1141 


0-2 3 

In water 

4 70S 

1 03 

0 11P5 


0-2 61 

Ii »' ruj *1 *T 1V1 


/ rma rl t 

IF, IP TI e tc*i a! I Inttom of tl e el ar Ur acre 
ll e iliac in •*Ja*nj* eCt* It 10 1* 

SI Tlriliacwaia ».! l!r prr»«T 

AK Ut tan JiltlfiU iflf | aoi | II * »trr fill 
.4 Witir taVm In t» m er>f «e U It *»» 
lr"l m II' 1' rr 

S lU'fa ! ui *n l*»iplt «f» par du* 1 


04 r! * t‘ Cinoe M L 
Ir t» » r } wt 1 1 t ’»r 
iint i'»( n. 


'rrd IS *i 
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On +3 _.n+2 Vn+1 


(5) 


The experiments give directly the moment of friction JT 
corresponding to any speed A T for each disc. But for any 
gn ou disc 

AT = cX n (6), 

where c is n constant. Hence for any pairs of lalues of AX 
and i\ obt lined in the experiments on a given disc. 


log M^-logXL 

log X,- Jog X, 


( 7 ) 


Tho mean value of n thus obtained is given for each of the 
Ain fu lh tiled Wien the mean value of n has been obtained 
from pairs of results m winch the speed was different, values 
of c for t ich ‘'peed were obtained by the formula 


Jog c ~ log M - a log X, 


and tho mein value* of c thu* fmmd are given in the table 
\vi 140 The V'lliu* of n for different pairs of speeds never 
\ nied \erj greitl^ for any given dice in like conditions, 
noi did the value* of c vary greatly for different speeds 
Hirilur tho Vamtion* from the mean value followed no 
rtguhr h\\, <h> tint they may bo attributed to errors of 
ob*m «wn or to unuoidible small fluctuations of speed 


during tbo ol^omtionx 

In tho formul i* abo\e j i* the friction per square foot at 
unit vohxitx, but for am gnen hmd of surface in hbe 
condition* 


, _ Mjn 3) 


(8) 


Variation of resistance with diameter of disc. — -Three 
seta ot experiment a with di^e* 0$4SS, 0 6353, and 0 4320 
toot Ml tu d radius rotitmg in tlie same chamber of fixed siz«» 
g\xo moment'' of i\M«tance in the ratio* 

I 0 0-0425, 

or tor dv=\a of different diameters, in »a chamber of constant 
M-o the r»M't nice vane* as the (n + 2 S2)th power of the 
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radius. The theoretical formula abov o (4) is strictly applicable 
to discs m chambers the linear dimensions of which are pro- 
portional to the diameter of the disc, in which case the 
resistances aro as the (n-f 3)tli power of the radius The 
difference of the two cases is not very great, and is consistent 
with the experimental result that the resistance with a given 
disc is greater as the chamber is larger 

Influence of temperature on the resistance — The 
four results with ft bright brass disc, experiments 2, 22, 23, 
and 24, show that the friction diminishes with unexpected 
rapidity as the temperature increases. The diminution is 
sensible even for a few degrees difference of temperature, and 
hence it appears that a correction for temperature ought to 
bo introduced in experiments on the flow of water in pipes 
and channels. The diminution between 41° and 13 0 8 lahr 
is about 18 per cent, or 1 per cent for 5° increase of 
temperature 

The experiments were not numerous enough to determine 
exactly the law of variation of friction with temperature, and the 
apparatus was not adapted for securing a constant temperature 
during a prolonged expenment The results agree fairly with 
the empirical formula 

f t = 0 1328(1-0 00210 (9), 

where c t is the value of c for a bright brass disc at the 
temperature t° 

In the experiments 1 to 17 the temperature varied m 
different instances from 53° to 62° The factor 

1 - Q 0 021 x 60° 

I - 0 00211 

has been used to reduce the values of c to a standard tempera- 
ture of C0° The correction is in any case small and does 
not affect the conclusions drawn from the results 

Influence of roughness of surface — The results of the 
experiments are altogether in accord with those of Mr Froude 
as to the influence of the roughness of the surface Even the 
numerical values of the frictional resistance obtained m these 
experiments differ very little from those obtained by him for 
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long Burfocea lalmg Mr Troudo’e results for phnhs 50 feet 
long, nnd comparing them with those obtained m the present 
experiments, the resistances m pounds per EQiwrc foot at 
1 0 feet per second are — - 


Mn. TnooDEs 

ExmusiENTS 

Tinfoil surface 

0-212 

Varnish 

0 22C 

I me rand 

0317 

Jfcdium sin I 

045G 


Present Exrf rmrr-NTS. 

JJnglit brass 0-202 to 0220 

Varnish 0 220 „ 0233 

I me &in<I 0333 

Vei^ eairc mnd 0 367 , 0 713 


Power of the velocity to which resistance is pro 
portional —-Thero is in this nl«o a remarkable agreement 
between the present experiment# nnd those of 7>lr 1 rondo 
Tor the smoother surfaces the resistance ;aries as tho 1 85th 
power of tho velocity , for the rougher surfaces ns a power 
of tho \elocity ringing from 1 9 to 2 1 Air J roudo's molts 
arc precisely tho same 

Influence of tho si*e of chamber on the resistance — 
In all theso experiments without n smglo exception, the 
friction of tho di«c increased when tho c!mml>cr in which it 
rotated was made larger The author is disposed to nttrd tile 
this to the stilling of tho eddies hj the surface of the stationarj 
chamber The stilled water is fed luck to tlio surf ice of the 
di«c and hence the friction depends not on 1) on its own surf ict 
but on that of tho open chamber in which it rotate* The 
di K cs were rotated in chambers t, G, anil 12 niche's tUtp attl 
the surfaces of the-'O chambers would 1*. about 1000 1200. 
Mid 1G00 t. pure inches. In tho larger chiml«ers tho kimtic 
tnerg) of the water ina> he supjwxod to l«t more rapi Up 
destroyed th in in tho smaller, in con«s.<jmnce of the lug r 
area of et-itiormr} surface Tho water Ixung nimc rajill) 
stilled and the stilled water fed luck to the th e in gn it r 
quantity tin resistance of the di«c n inuiw d 

Effect of roughening the surface of the chamber — 
exp* n mints lb nnd 19 the ujp<r and lower rurfuMtf tl" 
chunlr'r round with co-irr rind JunJiimii? 
surf tee of the chmil» r rmnnilh incna^d th* fr* *» » ‘I 
the dire* This uuj l- ixjhtiwd in jvu'h tin mi «* w^r 
ns man'' of friction du to inch rung th mi *f ' 
rJn’dtr 
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Problems 

1 The resistance of a ship 13 1 lb per square foot of immersed surface 

at 10 knots. Find the ILP required to drive a ship having 
8000 square feet of immersed surface at 16 knots. One knot 
= 6086 feet per hour 829-9 

2 The disc shaped covers of a centrifugal pump are 2 feet diameter 

outside and 1 foot diameter inside Find the work expended 
m friction in rotating the pump at 369 revolutions per minute 
/ •» 0-0025, and n *= 2 326 ft-lbs. per second 


10 
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FLOW IN PIPES 

83 Non sinuous motion of water, — -When water from a 
reservoir which has been at rest long enough for eddies to die 
out issues from a sharp-edged orifice, the stream is perfectly 
clear and smooth on the surface even at high velocities Any 
disturbance of the water in the reservoir shows itself in 
stnation of the jet due to the presence of eddies disturbing 
the stream-line motion in the jet The jet from a cylindrical 
mouthpiece is always troubled from the formation of eddies 
at the inner edge In capillary tubes, which have been 
experimented on by Poisbeuille and others, the motion is 
generally non-sinuous and free from eddies up to considerable 
velocities But in ordinary watei mains the motion is gener- 
ally sinuous and turbulent 

Professor Osborne Reynolds m\estigated the conditions in 
which sinuous and non sinuous motion occurred in pipes 
(. Trans Boy Soc 1884) A steady stream of water was set 
up through a glass tube with a flared mouth so that there 
was no inlet disturbance Into the stream a small jet of 
coloured liquid was introduced. 

So long as the velocity was low enough the coloured water 
showed as a straight undisturbed stream line flowing through 
the tube with the other water If the \eIocity wa9 raise 
there came a point at which the coloured liquid suddenly 
mingled with the rest of the water, and on viewing the water 
by an electric spark it was seen that the water contained » 
mass of more or less distinct coloured curls or eddies. Wit 1 
water at constant temperature and the tank as still as possib c 
the critical velocity at which the stream lme3 broho up an 
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eddies were formed % aned almost exactly liuerscly as the 
diameter of the pipe and directly ns the viscosity Very small 
disturbing causes, such as a disturbance of the water in the 
tank or fine sediment in the water, caused the break-up to 
occur at lower velocities Hence the critical velocity deter- 
mined in this way is the higher limit of stable stream-line 
flow in pipes The coefficient of viscosity for water decreases 
as the tempenture rises, and is given by the equation 
0 017 

, 1 + 0 034/ + 0 00023^ ' 

where t is the temperature centigrade The denominator of 
this fraction may be termed the relative fluidity, and will be 
denoted by f 

The higher critical velocity as determined by Osborne 
Reynolds by the colour-band method is given by the equation 

t e = 0 2458 jg ft per sec (2), 

where d is the diameter of the pipe in feet 

Hiouer Critical Velocity 

dz= \ 1 1} 2 inches 

d= 0417 0833 1250 1G67 feet 

i> c atO°C= 6 90 2 95 197 147 ft per sec. 

Later experiments by Professor Coker, Mr Clement, and 
Mr Barnes have shown that under certain favourable con- 
ditions stream-line flow may subsist to considerably higher 
velocities than those observed by Reynolds, and throw a little 
doubt on the law that the higher critical velocity varies 
inversely as the diameter 1 

In another series of experiments Osborne Reynolds 
allowed water initially disturbed to flow through a long 
smooth pipe It was found that if the velocity was below a 
certain limit the disturbances died out in a short length of 
the pipe, and the motion then became non-sinuous. Measur- 
ing the resistance to flow m a length of the pipe beyond the 
disturbed part, it was found that when the motion was non- 
smuous the resistance % aned very exactly as the velocity, but 

1 Tran’ Rojal Society, 1993 Proceedings royal Society, yoL Ixxit. 
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that when the motion was turbulent it \ancd as th* 
1 72th power of the xUocit), or nearly as tin. square of the 
aelocit} If the \elocit} in the pipe js slowly menaced the 
point at which the eddies cease to die out and them is a 
denation from the law that the resistance \ancs as the 
\eIocily can be obstned, and this \eIocitj mil) be termed the 
low ci critical telocit) This also was found to wiry imcr*ilj 
as the diameter of the pipe and directly as the M«cOMty 
The lower limit of critical \eIocit) found hj Osborne Reynolds 
js giten hi the equation 


i e = 0 0387 ~ ft per sec 


<e<j) 


Lowm Critic \ t Aitocrrr 

d ** \ 1 It 2 jnclirt 

d 0041“ OOS33 0 1230 0 1GP7 ft* 

r { ltOt-« •928 4C5 310 232 {U |\r *.*c. 

Later experiments bj Professor Coker and Mr Clement 
ga\c the re hit ion 

r c 0 0199 * ft per pec 
fd 

or about half the wilms obtained b) Osborne Reynold* Th 
reason of the difilicnco has not been explained 

It will be sec u that in somewhat wide limits A r sindl 
pipes tin. motion rn ij l»o emuous or iion-sinuotn lut th‘t 
nbow. tin. lowtr limit ver) small cum.* of duturboma r>nl r 
the motion turbulent Practic'd!} for the lirgcr 1,11 1 
the aeloutics with which an engineer has to dt d tin notion 
is nlw n s turbulmL 

bt tl lx. tin diameter of n honrontal pp an! ; tl^ 
ditT ancc of jnwun in a hnph / the telociti of flow "I « 
the motion ti in rcctihcuir sin. mi line-* n f,*' 1 ” 1' * 
relation 

_ / */ >r <31 

3-7/ 

whfrv p m in fjnmi j* r e jmro n otinKtre an ! ll <* 1 ml 1 ’ * Iir 
Cf# 4 * unit*. A inf's rmvenirnt f rni i'* thfc b* ^ 1*“ * ' 
di^an** of j n » ire in n lorimntil pj* hi a di *t <'»♦ 
l nr 1 in fr. t of h jtn ! ( f d»*n* tr p 
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v ^ 1711 centimetre units, 
*= 52150 ^°^ foot units 


Taking for water p = 0 999 and for mercury p = 13 6, then 
for h m feet of water 


»« 52100 -^ 


and for h in inches of mercury 


»- 709250 ^ 


w 


84 Practical theory of flow in pipes when the motion 
Is turbulent — In all ordinary cases with which the engineer 
has to deal, the water has in nddition to its forward motion of 
translation a distributed eddjmg motion It is beyond hope 
to ha\e a theory which will give rationally the velocity of 
flow and discharge of pipes m such conditions It is not only 
that the eddying motion of the water is so complicated that 
m the strict sense there is no exact theory, but m addition 
one of the factors in any formula of flow must express the 
exact roughness of the surface of the pipe on which the 
production of eddjes depends. There is no scientific measure 
of roughness, and very small apparent differences m the 
quality of the pipe surface cause considerable differences in 
the lesistance 

Permissible velocities in pipes — Theoretically any given 
discharge can be obtained either by rarying the pipe diameter 
or the head producing velocity of flow, but practically the 
range of discharge for a given pipe is much limited. If the 
velocity m the pipe is small it must be of large size and 
expensive If great, it is difficult to obtain sufficient pressure 
in the distant parts of a district supplied, in hours of large 
consumption, and the risk to the mains from 6udden variations 
of flow, causing what is termed hydraulic shock, is great A 
fair rough rule for pipes used in town's supply is the follow 
ing Let v be the velocity m a pipe of diameter d (foot 
units) then 


r - 1 i5d + 2 
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d — 6 

D 

32 

18 

24 

38 inches 

= 0 5 

0 75 

1-0 

1 5 

2 

3 feet 

v = 2 7 

3 1 

34 

42 

4 9 

C 3 feet per second 


Of course, cases occur wheie higher velocities can bo 
permitted In short supply pipes to turbines, velocities of 
7 to 10 feet per second are not unusuaL The reason for 
adopting somewhat lower velocities m small mams is that 
otherwise the rate of fall of pressure would be excessive 
85 Steady flow m pipes of uniform diameter — If a 
long pipe connects two reservoirs at different levels, water 
will flow from the upper to the lower, and the conditions 
being constant the velocity and rate of discharge will bo 
constant also Steady flow being established, since the water 
starts from rest and comes back to rest, the work of gravity 
on the descending water is exactly balanced by the work of 
the resistances, of which much the largest is fluid friction. 
Let Q be the discharge m cubic feet per second, D the cro«s 
section and d the diameter of the pipe v the mean forward 
velocity of the water 

Q = Zlv - j d°v cubic feet per second 


As the same quantity of water passes every section in 
unit time the velocity must be the same, that is if un er 
stand by v the mean velocity of translation along the pip* 1 
In fact, the velocity is greater at the centre of the cro<s 
section and less towaids the sides of the pipe, and on | ,s 
general condition eddying motions are superposed Rut 10 
mean velocity along the pipe is constant and for simp 1C1 7 
the complications must be disregarded 

The Chezy formula for flow in pipes —A very ' »»! •* 
theory furnishes an approximate formula which has “ 
very great service in hydraulics, and which with u 
values of experimental coefficients is still emp oyc 

generally than any other in hydraulic calculations. 

Ihg 85 represent n short portion of a long pipe ** 
which water is stcidilj- lioiung Xli o ''“ tor c " ‘ . of 

Imcs at the samo lelocity, and consequent!) the 
external forces must ho equal to the work in ou 
friction Let dl he the length of the portion of 1 >1 
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considered, s and z+dz the elevations of the end sections 
above any horizontal datum XX, p and p + dp the pressures 
at the ends, ft the area of cross section, ^ the circumference, 
and Q the discharge 
per second Then 
in. passing through 
the length dl, GQ 
lbs of water descend 
a distance — dz feet, 
and the work of 
gravity is 

-GQi~, 



a positive quantity 

if dz is negative, and xice xersa The resultant pressure on 
the two ends m the direction of motion is — dp, and the work 
of this pressure is 

-Q dp, 


also positive if the pressure is decreasing along the pipe and 
dp is negative The only remaining force doing work on the 
water is the frictional resistance The area of the pipe surface 
is ydl, and using the expression obtained above [§ 79, cq (2)] 
and putting v for the velocity of the water the frictional 
work is 


or, since Q = ftv, 




V 




a quantity always negative because it is work done against a 
resistance Adding these portions of work together and 
dividing by GQ, 


* + o + $& B -° 


Integrating 


-' + e + f n? J ' = co, ” ,ant 


( 0 ) 


Let A and B (Fig 8G) be two sections at distances { lt I. 
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from any given point, so that the length of pipe now con- 
sidered is L — l 2 — l lt and let p lt z x be the pressure and elevation 
at A Ir p 2 , z 2 , the same quantities at B Then, if v is the mean 
velocity along the pipe, 


If pressure columns are introduced at A and B, the water 



will rise to the levels C and D, such that AC^g and 
BD = It is assumed that the atmospheric pressure is the 

V* 

same at C and I) In a very long pipe this might not be the 
case Consequently 

DE = A=( r>+ g)-(z 2+ g) (8) 

The quantity h is the difference of free surface-Joel at the 
two points of the pipe considered, and is termed the virtual 
fall of the pipe The quantity kjh is termed the virtual slope 
of the pipe, and this will be denoted by * The line C 
passing through the pressure-column tops is called t ic 
hydraulic gradient. The quantity Sl/x which appears in t »** 
and some other equations is termed the hydraulic mean 
radius of the pipe, and will he denoted by in 
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The general equation for flow in pipes can now be written 
more simply 

.c 2 n h 

l r, = x 

For pipes of circular section and diameter d, 7 ti — fi/p£ = dj-i 
For such pipes the general equation of flow is 


4 L 


rfi 

4 


(9) 


This equation, with a constant value for £ is the well known 
Chez) formula It is still extremely useful if values of £, 
varying with certain conditions, are used instead of a constant 
value 

The following forms of this equation arc useful in practical 
applications The virtual fall or head lost in the length L is 

i = 00522^- tect (Da) 

o 2>7 a 

The velocity of flow is 

*■ J { 2 ?r { t} ’ 4 012 \/ ({ l) ,cct pcr <0,) 

The discharge is 

Q = ^<Tr = 3 1 c,, ^ ,c ^ cct r° T * cc (9 f ) 


The diameter for a given discharge is 

feet (DO 

The head lost for a gum discharge is 

h 0 1006^' *' feet {"') 

<1* 


A form of the equation which i* in common use is tins 

r -sA!*) 

ami In Jvome vvnUrs this f rn rnh i* t* ri— «•»! th** Clezr 
equation The constant t is ^iv»n l v the nla’i i 
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86 Case of a pipe connecting two reservoirs Inlet 
resistance taken into account— Let Fig 87 represent a pipe 
connecting two reservoirs at different levels. If the reservoir 
levels are constant the \ elocity in the pipe and the rite of 
discharge are constant The total head causing flow is the 
difference of level H, and this is expended m three wap 
(1) To give the initial energy to the water corresponding to 
the velocity v there must be expended a head v n J 2g At the 
outlet of the pipe this kinetic energy is wasted in shock and 
eddies so that this is part of the head lost (2) There is 
some resistance due to the form of the inlet which may bo 
written % 0 v*j2g where = about 0 5 for a cylindrical inlet and 



about 0 05 if the inlet is bell mouthed 
the length L has been found to be 
eq (9a) Adding these together. 


(3) The friction m 

~4 feet of head 
b d xr 


r sossy {jiTud74{v} l,0> 


an equation which should always be used for short pipes. 

As a matter of f ict water mams aro not straight 
cuned to follow the variations of level of the ground I cnc0 
their length is really greater than tho horizontal proj'ction 
and tho hydraulic gradient is not strictly a straight jnC 
But in most practical cases the differences of level of the I J P° 
are so small compared with its length that there is no 
of practical unj»ortanco in t iking L to bo the length o ^ 
horizontal projection of tho pipe or in assuming the top riu 1 
gradient to be straight 
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87 Inlet Resistance. — The inlet to a pipe may be flush 
with the reservoir wall, as at A, Fig 88 , re-entrant and with 
square edges, B, re-entrant with Blnrp edges, C, or bcll- 



A B C D 


Fig 83 


mouthed, D Values of the coefficient of resistance and 
1 + are given in the following table — 


Fora of Inlet. 
A 
B 
C 
I) 


to 

05 

0 50 

1 30 

0-02 to 005 


l + f*. 

1 5 
15C 

2 30 

1-02 to 1 05 


‘ The inlet resistance is equivalent to the frictional resistance 
of a length of pipe given by the equation 


0_ 


( 11 ) 


Values op l g /d 


t 

i +r.= 

1 05 

15 

1 50 

23 

005 

63 

75 

78 

116 

•0075 

35 

50 

52 

77 

010 

26 

38 

39 

58 


If this length is added to the actual length of the pipe 
the inlet resistance will be allowed for 

In practical calculations about water mains the length L 
is usually \ery large, and ( 1 + £ 0 )d is small enough compared 
with 4£L to be neglected Thus let L = 1000 ft , d = 1 5 ft , 
(f= 0075, = 0 5 , H=10 ft The velocity, by eq (10), 

is 5 47 ft. per sec., but if the inlet resistance is neglected the 
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velocity is 5 6? The enor is here not immaterial, but if the 
length of the pipe is 10,000 feet and H = 100, the velocity, 
from eg (10), is 5 65, and if the inlet resistance is neglected 
the velocity is 5 67, where the difference is in practical eases 
negligible 

88 Pressure in the pipe when the water is flowing — 
The vertical from the pipe to the hydraulic gradient is the 
pressure m the pipe at that point in feet of water, in excess 
of atmospheric pressure If h is the height to the gradient, 
^ + 34 feet is the pressure, including atmospheric pressure 
Hence there could not be negative pressure in the pipe unless 
it rose more than 34 feet above the hydraulic gradient With 
negative pressure the flow would of course be interrupted 
But all ordinary water contains air which would be disengaged, 
and would interfere with flow if the pressure fell much below 
atmospheric pressure Hence, as a practical rule, pipes arc 
not laid so as to rise above the hydraulic gradient. Further, 
at all anticlinal bends air valves are placed so that the air m 
the pipe when it is being filled may escape, and also any air 
carried into the pipe afterwards, which w ould accumulate at 
the top of vertical bends and interrupt the flow Unless the 
pipe is below the hydraulic gradient these valves cannot act 

89 Darcy’s experimental investigation of the resistance 
to flow in pipes 1 — An extremely important series of measure 
ments of the flow in pipes with different heads was carried 
out by M H Darcy, then Engineer of the Pans Water 
Supply under the auspices of the French Government The 
general bearing of the results may be stated thus — 

(1) The frictional resistance \ aries consideribly with the 
nature and degree of roughness of the surface of the pipes- 
Tins is jo accordance with Fronde’s results already describe 

§ 80 

(2) The greater part of the experiments were made on 
new and clean pipes some of them asphalted A few were 
made on old and somewhat inemsted pipes It was 

that the resistance of old and werusted pipes was double t n 
of new and clean pipes. 

(3) The simple CJ /eg. formula 

1 rtclerthts rrptm irritates rel slues au tnouremenl de t tail dans Its tu/aux 
Tans, 1SS7 
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C l =- 
k 2 g 4 


( 12 ) 


very veil expressed the results of the tests, if special varying 
values were given to the coefficient £" 

(4) The coefficient £ varies with the \clocity of flow, with 
the diameter of the pipe, and with the roughness of the surface 
of the pipe. As, for practical reasons, there is not a wide 
variation of velocity in water mams, the dependence of f on 
the velocity may be disregarded in most practical calculations 
On the other hand, the diameters of pipes range from 2 inches 
to 60 inches, and the^ariation of f with the diameter is \ery 
important. 

Generally, at ordinal} \elocities and with cast iron or steel 
pipes laid in the ordinary way, 

M ,+ !) <'3>, 


where the constants hate the following values — 

a ft 

Drawn wrought-iron or clean 

cast-iron pipes 00497 084 

Pipes altered h> light mcrusta 

tions 0100 084 

Or, in an casil) remembered form. 

Clean and smooth pipes, 

f- oob( , *i^J. 

Incrusted pipes, 



|TxrL£. 
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Values op f deduced pkoh Da bop’s Foiutom 


Diameter of Pipe 

X aloes of £ ! 

In Inches 

1 la Feet. 

New Pipes 

IncnMtal Pipes. 1 

n 


00G22 

01252 

K 9 

0417 

00507 

01202 

C 

0 500 

00580 

•01IG8 

7 

0 583 

005C8 

01144 


0 6C7 

O0GG0 

0112G 


0 75 

00553 

•01112 


100 

00539 

01084 


1 25 

00530 

O10G7 


1 50 

00525 

0105G 

^B- MiS 

1 75 

00521 

01048 

^Baill 

200 

00518 

01042 

^B a 

2 25 

00515 

01037 

RB 

2 50 

00514 

01034 

B| 

2 75 

00512 

•01031 

R fli 

3 00 

00511 

01028 

R R| 

3 50 

00509 

01024 

R Rj 

4 00 

00507 

■01021 

SJ 

5 00 

00505 

01017 


It unj bo noted that, except for pipes less than about 
12 inches in diameter, the variation of fis not 'ery great and 
m many approximate calculations a constant xaluo off may 
bo assumed without \ery large error 

(5) There is a \ariation of f with the velocity, and for 
cases where the \elociUes were largo Darcy proposed tlie 
expression 

{=a+ ?- + Ss ML (it) 

k it p 

and gn\e the following xalues for the constants (foot unit 8 ) 
for clean pipes — 

a~000134G 

a, « (Human 2 

/)«OOOIOl82 

fi t - 0 000005205 

>*o doubt Dircy underntul the import mce of the jnllut nc’ 
of Mdocity on the factional resistance, and Ins formula Hhin^t 
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account of it is cxtrcmclj inconacment It can be taken 
into account in a simpler way, which will be gi\en later 
90 Maurice Levy’s formula for pipes — Darcy s experi 
ments were made on pipes not more than 20 inches in 
diameter, and within that limit lus formula has considerable 
authority M Maurice Lev} came to the conclusion from 
experience, that in the case of large pipes Darcy's formula 
makes the resistance grcatci than it re all} is, and leads to 
the use of pipes unnecessarily largo M Levy, on partially 
theoretical grounds, obtained the following formulm for metric 
measures — 

For new and clean cast iron pipes, 

r=3G 4 J{n(l + Jr)} ’ 

For pipes incrusted, (15), 

c=205 J{n(I + 3 Jr)} 

where r is the radius of the pipe Reducing to English foot 
units and substituting the diameter for the radius, these 
equations become 

For new and clean pipes, 

^= 135(1 +0 4 ^ 

For incrusted pipes, (15a) 

'^=42 8(1 + 1 17s/<4‘ 

Where in the Chezy formula eq (12) the value of £ is 

For new and clean pipes, 

0 007408 

1 + 0 4 Jd 

For incrusted pipes, (16) 

, 0 02335 

5 1 + 1 1 7 J<J 

The following table gives values of f calculated by Levy's 
rule for comparison with those of Darcy — 
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Diameter of Pij* 


\ oIlm cf f 


>ew 




4 0333 

5 0417 1 

C 0 500 j 

7 0 583 

8 OC67 

0 0 75 t 

12 1-00 

16 1 25 

18 1 50 

2! I 75 

24 2-00 

30 2 50 

33 2 75 I 

30 300 l 

42 350 ' 

48 4-00 

CO 5-00 


■O0C02 

*0130 

•00580 

•0133 

•00577 

•0128 

■005C7 

•0123 

•0055S 

•ono 

•00550 

•one 

•00529 

•0108 

•00512 

•0101 

00407 

■000 C 

•00185 

•0002 

■00174 

■0080 

00163 

■0085 

U0 154 , 

•oo^ 

•00445 

■0070 

•00438 

■0077 

•00424 

■0073 

•00412 

*0070 

■00391 

■0005 


91 Later determinations of the values of { — 
Imperfect ns is the theory on which the Chirr formula is 
based, it is fo convenient that it will continue to !*• n*d 
in engineering calculations. The dilhculty in UMng it i< th* 
uncertainty in choosing thopropir value of f in diflirtnt ca-'\ 
In a wide range of cases in which the flow in pipes has Ini 
measured bj coin|>elent ob'orvtrs, f hn vannl from 0 00" t'> 
0 01ft K\en in u^iv in nnu) nUnlmt O'tv t* 

considerable vamtion Mr (»ilo and Mr Stc irrn Isti 
meesured the flow in n«ph died n«t-iron |>ij w ■* 1 ('• * n 
dnmeter, and found {■«=>0 00.‘fl and 0 0 0 a I rcspn-tivi l,» 

In IRS6 the author examined all the mere ctnf-lly 
tmde exj* rirn* nts on flow in pij*s, inclu ling tbo~«* < f JM*"/ 
IJv cla«*ifwng pile’s according to the ipnhtv and nr hti ft * 
thir f arfao s tie ring'* of vamtion of f rvn !■* j-fcvdr 
limited 17* i rig a r« lit inn f-riw.-c'i r, <V. and * vhi ,J v * 

fir tie influ • !*>•!, of divn ar 1 vr'vit*. of »* « 5* 

1** * ij !iin<s| m Chvpt.r .\ . it w v« j» ••ill* t« td l*’r ’ 

of f f r n n! of t! e c*» ditto* * will li afJ v * i*t j 'a J *»* 
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The following tables give the values of the coefficient f 
in the Chezy formula 

.v- di 

for different kinds of pipe, of different diameters, and with 
different velocities of flow, deduced m this way. 


Values of { 


When d In Feet is 

For Velocities id 

Feet per Second. 

1-2 

2 3 


4-5 



Clean Wrought Iron Pipes. 


0 5-0 75 

0057 

0050 

004G 

0043 

0 75-10 

0054 

0047 

0043 

0040 

10-15 

0050 

0043 

0040 

•0037 

1-5-2 0 

004 G 

0040 

0037 

■0035 

20-3-0 

0043 

0038 

0034 

0032 

3 0-40 

0040 

0035 

0032 

0030 



Asphalted Cast Iron Pipes 


0 5-0 75 

00G4 

0059 

005G 

0054 

0 75-10 

00G2 

0057 

0054 

0052 

10-1-5 

0059 

0054 

0052 

0050 

1 5-2 0 

005G 

0052 

0049 

00 47 

20-30 

0034 

0050 

0047 

•0045 

30 40 

0052 

0048 

004 5 

0043 



\ew Cast Iron 

Jncoated Pipes 


05 075 

0058 

005G 

■0055 

•0054 

0 75-10 

0054 

0053 

0052 

■0051 

10-1 5 

0051 

0050 

■0049 

•0048 

1 5-20 

0048 

0047 

•OOtG 

■004C 

£030 

004 G 

•0044 

■0043 

0043 

30-40 

0043 

■0042 

•0041 

■0011 



IncruttrJ Cast Iron Pij<s. 




For all Velocities. 


0 5-0 75 


■0119 


0 75-10 


-0113 


10-1 5 


■0107 


l 5-20 


■0101 


[ 20 30 


-00 »5 


30-40 


OO->0 
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If an expression of the form adopted by Darcy is used, 
then the results given above agree fairly closely with the 
following values. 



Values op f 


Kind of Pipe 

Values of a for V elocities in 
Second 

feet per 

Values 

of? 

12 

23 

34 

45 

Drawn wrought iron 

00375 

00322 

00297 

00275 

0 37 

Asphalted cast iron 

00492 

00455 

00432 

00415 

0 20 

Clean, cast iron 

00405 

00395 

00387 

00382 | 

0 28 

Incru3ted cast iron 

At all velocities a 0 00855 j 

0 26 


These values show that, as was generally believed from 
practical experience, the influence both of diameter and 
velocity is greater than Darcy supposed 

9 2 Herschel’s gaugings of flow in riveted steel pipes — 
Mr Clemens Herschel, between 1892 and 1896, made numerous 
gaugings of flow m riveted mains of exceptionally large 
diameter The volume of flow was measured by the Venturi 
meter, a method which may be regarded as very satisfactory 
The pipes were asphalted, and some were made with taper 
lengths and others with cylinder lengths alternately large 
and small. No very clear difference was found between the 
two as regards resistance Mr Herschel has plotted his 
results, taking velocities for ordinates, and values of c in the 
eguation v = c *Jmx, where m is the hydraulic mean radius, os 
abscissae. From the curves drawn through the plotted points 
he has deduced values of c for various velocities From the*e, 
for comparison with the values of £ in the tables above, the 
following values for steel riveted pipes have been deduced * 
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Viters or ( for \rv> Steel Rivited Pir£s 


Diameter In 
Inches 

For \ elocitles In Feet per Second 

1 

- 

3 

4 

5 

C 

48 

00G3 

00o5 

0051 

0050 

0051 

0052 

48 

OOGS 

00G4 

00G2 

0059 

0058 

0058 

42 

0070 

005G 

0051 

0051 

0052 

0053 

42 

00G3 

0059 

0057 

005G 

0055 

0055 

3C 

0087 

0071 

00G0 

0053 

0047 

0042 


Broadly, these results confirm the general law given above. 
The \aluc of f diminishes as the \clocity increases and increases 
as the diameter diminishes But there are anomalies There 
are sc\eral cases where f is greater at G feet per second than 
at 4 feet per second. What is more anomalous still is that 
the 48 inch pipe at G feet per second has a greater coefficient 
than the 36 inch pipe These anomalies must be due to 
errors of observation. Further, as a whole, the coefficients are 
somewhat larger than they might be expected to be There 
is a senes by Darcy and one by Hamilton Smith on nveted 
pipes which give smaller coefficients if the difference of 
diameter is allowed for However, of course in comparing 
these with the results on cast iron pipes, the roughness due 
to the nvet-lieads and joints must be considered and the 
resistance can only be determined by direct expenment on 
nveted pipes 

After some of these pipes bad been in use four years some 
further gaugmgs were made and the discharge was found to 
have diminished considerably The following are coefficients 
for the 48 inch main, one set corresponding to the upper part 
of the mam near the supply reservoir, the other to the lower 
part 

Values op ( for Old Riveted Steel Pipes 


Diameter in 


At \ elocit es in 

Feet per Second. 



1 

2 

3 

4 

5 

6 

48 1 

0106 

0080 

0075 

0073 

0072 

0072 

48 2 

00G8 

0060 

0058 

0060 

0060 

0060 


1 Supply reservoir to Pompton INotch 
* Pompton Itotch to service reservoir 
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It is clear, the author thinks, that (luring the four jew 
slimy deposits had accumulated in the mam and increased the 
resistance to flow As would he expected, these were almost 
entirely in the first length of main from the supply reservoir 
to Pomp ton Notch In the remainder of the mam the 
coefficients are not sensibly different from those obtained in 
the previous gaugmgs 

Messrs Marx, Wing, and Hoskins made gaugings m 1897 
and m 1899, by a calibrated Venturi meter, of a remarkable 
supply pipe 6 feet in diameter, part of which was meted «teel 
and part of wood sta\es at the Pioneer Electric Power 
Company, Ogden, Utah (Trans Am Soc of Ciul Enpntcrs 
xl 471, and xliv 34) The results on the steel part of the 
pipe plotted m curves furnish the following values for f 

Coefficient £ Fon Sis Foot Bivetex> Steel Firr 

ts lo 15 2-0 2 5 3-0 4-0 5-0 5 5 

1807 gauging — 

f«-0053 -0052 -0053 0055 -0055 -0052 — - 

1899 gauging — 

£=*•0097 007G 0067 00G3 -0061 00G0 -0058 U0W 

The increase of resistance with time is aciy marked at the 
low velocities if the measurements at these can he trusted. 

It seems probable, however, that in the earlier gauging the 
resistance at low \eIocities was under-estimated, or the resist 
once at high velocities o\ er-estimated. 

93 Timber stave pipes — In the western part of the 
United States remarkablo pipe lines lm\o been constructed of 
wood 8ta\ cs hooped with steel bands The wood used is redwood 
or sequoia which when wet appears to have great durability 
Tho a tarts break joint, and at their ends a thin piece of *tcv 
is jammed in a saw -•cut By slightly humouring tho stages 
bends of large radius are easily obtained The st ives 
usually incli thick, accurately shaped by machinery ** v 
steel hoops nro spaced at different distances according to t £ 
pressure, and aro drawn tight by n screwed end and wu 
These pipes can be put together in difficult country lI ' 
transport of metal pipes would be \eiy co'tly 

The results of the gaugings by Messrs. Marx Vmg ntu 
Hoskins of the part of the pipe at Ogden constructed of 
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Rough preliminary calculations can be made b) the follow 
ing approximate formula) obtained by taking a fixed value of f 
The) are least accurate for small pipes — 


For new and clean pipes, 

v = 56 J(di), 

Q = 44s (d 5 *), 

d=0 22 ^/“t 

For old and mcrusted pipes, 

r= 40 s/(dt), 

Q = 31 4 N /(d 5 »), 

d = 0 252 




(5) 


( 0 ) 


"When the dimensions of a pipe are given and theaelocity 
and discharge are required there is no great difficulty If 
Darcy’s value of f is used it can tie found from eq (1), 
and fclio calculations are straightforward If a \aluc of f 
depending both on tho diameter and velocity is to be used, 
an approximate value of v can be obtained from cq (5) or (C), 
and then tho value of f can bo selected from the tables and 
v and Q re-calculated. There is rather more difliculty when 
tho discharge is gi\cn and the diameter is required Some- 
times from past experience nil engineer can assign probable 
a allies for rf and r, or they can bo found approximate!) In 
cq (6) or (C) Then £ can be found from Dane's formula or 
from the tables, and a new aaluc of the diameter calculated b) 
eq (4) The engineer has to consider whether lie will allow for 
an increase of rcsistanco os the pipe becomes old and mcrusted 
'She rate at which a pipe \>ccomc3 rougher from corrosion 
depends on the quality of the water In some cases the 
interior of the pipe remains clean for a long time In some 
other cases the corromon is rapid. A common rule of thumb 
to proude for co t the diameter of pij<e 

required when tl id choose the ncarc«t 

lirger commercial 


90 Of 

the \il 
diff< rent 


are jublt«heilgmn ( » 
nt dtaut ter* with 
Uted on a fixed 
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The head producing flow m the hose pipe is H — h and 
therefore 

/2g(H~h)d 

“V 4 fi 



95 Practical calculations of flow in pipes — In the 
following calculations it is assumed that there are no special 
obstructions due to valves, bends, etc, and that the pipe is 
bo long that only the frictional resistance requires to be 
taken into account In long mams the resistance of ordinary 
bends is negligible The fundamental equations arc — 


K i+ §) 

(0, 

jT d h dt 

Jo\ 

1! 

*4 

n 

tin 

(- 7 ' 

Q = ^<Fi> 

4 

<?) 


Prom these equations the following are easil) denied and 
for convenience are repeated here from § 85 — 



(Jo) 

i* 0 0622^' 

<2*1 

0 

r«l 273- 



<*») 


<0 


(.0) 

A « 0 .00, 

{.!) 



nn\V in* III j> 


71 


1 t ‘ f f ’1 r | ml rTj*T*» <■*! f r 
1' f J *"a 1 ) *• fit ft l* I (/' * *7f r-iTTf+'i] IfyJn i W J 1 ' C) 
I/t (I 1* |* r fti-V • jl v » «J 1 r d *• I fll t’ « r*-ilrc 
cftrna* » n <!f^» » r tl ** trl *i , r, r l' « ra ! • ar I rf t! ** 
( , nn' , 't * * d *• I j** an! !’ I 1 *» f* *r« rf r na'cp r^vMtrd 
It t 1 »• or-l*** Iir *• » f d <» !*•> 1 Tl 'T p — rj\\ n ll f rt mlt it 
TV l.r-,1 K« 


im « 1 «iv* 1 

f*2 ft 5 r < o * nr 07 o« 

S* I<“ 11* 1*> -»3 71 <2 

ll ir -z\ 4i < 1 ' 9« 


r~ ( 1 

r <j- * 
{ 1 - n 


(21) 

09 10 

1 41 195 


JCo gw-it o r *i r ' r nr»' ha* l^n j IvM in lli< — rr«ult«, as 
thnr am bv«M f*j irry li’nitM nr 1 mill rxi-'nir-nK 
iVuIr Mr Al^xan’ r (/V>*. J-s * Cm/ 2 r~\r/rrt chx T-II) 
1 14 m !<* ft"**!" srrr careful rxi«rnrecnts on rnill umi«!inl 
vi cv>l Vnis(rf*- 1 J in h)with co"»i brille vimlmn <{ ndms 
of c*-mlutr An 1 tdoritr c f f >\r In spit** of the mill rnlo 
of iVv* ci|«rnr»'nt' tlrer threw rono light on the nature of 
tin' rv'ftmcv. nt l*nk Tl «* in t im(«rUnt point is tin*, 
lint the P*il n* ‘tine** nt a l-'ti 1 11 wide tip of the shin 
« f n rtmjit 1 n„th of pjioof the rime length ns 
the Vn 1 mil nn n 1 htioinl n«i»lmct duo to die cunnturc 
which is n»t ft rhoch rc*l»tincx l ut mcnlv nn augmentation of 
the fktn friction Hone* the totil rv**i»tincc nt a Ik ml can 
b* cxpix^-d by the relation 




. r tl 

,Ml 


(2<). 


where l is tho length of the lx*ml measured nlong its centre 
line, ami d the diameter of the pipe It nppeared in the 
experiments that the resistance j>er foot length of bend did 
not regularl) decrcaso with the cunnturc but was n 
minimum when p = 5, or when the radius of cunnturo was 
2 \ times the diameter of the pipe Mr Alexander has given 
some empirical expressions for loss of head at bends, but they 
are inconvenient, and it is sufficient for practical purposes to 
proceed m a 6implcr vva) Assuming the result that tho 
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The value of the coefficient is not -well ascertained. Weisbacb 
obtained as the result of experiments the empirical relation 




0-077 


Ct 


( 20 ). 


Ror a quite sharp edge at the change of section c c « 0‘62 to 
0’64. For a rounded edge c c = 0*7 to 0‘8. 

Gradual enlargement. — The resistance in this case can 
only be ascertained by experiment. Fliegner found the head 
lost to be (Fig. 91) 




( 2 !). 


Elbows.— The loss of head at elbows appears to be due 



Fig. 01. 



to the formation of a contraction and abrupt increase of 
section (Fig. 92). Weisbach, from experiments on a very 
small pipe, obtained the expression 



( e =5 0 - 95 sin 2 <£/2 + 2’05 Bin*(f>{2. 

i>- 20° 40° 60° 80° 90° 100° 120* 

£ = 0-03 0-14 0*37 ' 075 1*0 3 ‘27 1'67 

This is a loss additional to the pipe friction in the parts 
constituting the elbow. 

98. Resistance at bends. — Till lately the resistance at 
bends has been supposed to be a shock loss due to contraction 
and abrupt enlargement of the stream at the bend. On this 
hypothesis, and using the results of some experiments on small 
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bonds, Weisbach found the following empirical expression for 
tho head lost at a bend ( Die experimental Hydraulxk, p 15G) 
Let 6 be the angle subtended by tho bend at the centre 
of cun ature in degrees, v tho velocity, r tho radius, and d tho 
diameter of the pipe, and It tho radius of cun ature measured 
to tho centre line of tho bond Then p = r/It is the curt ature 
Tho head lost is 


to ‘ 

0 131 + 1 847 , 1 * 


( 23 ) 


p — 0 1 02 03 04 

R }d~ 5 2 5 167 125 

= 13 14 16 21 


05 

06 

07 

08 

09 

10 

1-0 

83 

71 

G2 

55 

5 

29 

44 

GG 

98 

141 

198 


No great confidence has been placed in these results, as 
they are based on very limited and small experiments 
Recently Mr Alexander (Proc Inst Cunl Engineers, clix 341) 
has made some very careful experiments on small varnished 
wood bends (d = inch) with considerable variation of radius 
of curvature and velocity of flow In spite of the small scale 
of these experiments they throw some light on the nature of 
the resistance at bends The most important point is this, 
that the total resistance at a bend is made up of the shin 
resistance of a straight length of pipe of the same length as 
the bend, and an additional resistance duo to the curvature 
which is not a shock resistance but merely an augmentation of 
the skin friction Hence the total resistance at a bend can 
be expressed by the relation 

( 24 ), 

where l is the length of the bend measured along its centre 
. line, and d the diameter of the pipe It appeared in the 
experiments that the resistance per foot length of bend did 
not regularly decrease with the cun ature but was a 
minimum when p = 5, or when the radius of curvature was 
2* times the diameter of the pipe Mr Alexander has given 
some empirical expressions for loss of head at bends but they 
are inconvenient, and it is sufficient for practical purposes to 
proceed in a simpler way Assuming the result that the 
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bend resistance is merely an augmented skin friction resistance, 
so that it can be expressed by the equation (24), the \alte 
of & may be found from such experiments ns nro a\iuhbh 
The most valuable experiments are some bj Messrs Williams 
Hubbell and Fenkel, on large bends of asphalted cast iron, and 
of these the best are on bends m pipes of 30 inches m 
diameter ( Proe Am Soc of Cixil Engineers, xx\u 314) 
The coefficients arc deduced for right-angled bends in which 
/ 7*R/2 Tor any otlier bends the resistance will l«c 

proportional to the angle subtended nt the centre of curvature, 
so that if /, is the length of such a bend the coefficient will 
be greater or less than those given below in the ratio l t [t 


Values or Bend Coefficient ( b fou Ricut anolfd UrNDS 


Wehbach small pijk*. 


p 


*025 

00 

1 

17 25 

33 

05 

Rd 


20 

10 

r> 

3 2 

15 

l-o 

i» 

** 

001 

■002 

004 

•OOS -012 

•016 

•otc 




William*, HablxU i»nl FenteJ, SO Inch mlo 


P 


•021 

•031 

•050 

083 

125 

•21 

n/A 


24 

10 

10 

0 

4 

24 

b 

* 

■000 

•0002 

•one 

•016 

•0165 

•018 

For 

small 

values 

of the 

cun aturc 

the coefficient 


resist ince of Weisbnch’s small pipes is much less than that of 
the 30 inch pipe, but for large values of the curvature it 
not \cry different It mn> l*e suspected that for the pmall 
pipes with small cnrvntnro the motion of the wifer ' r ** 
passiblj approx mi at el j udu sinuous. 

The results nn) bo put m another way Ixd / t h’ * }e 
length of a straight pipe the Te«istnnec of which is rquil * 7 
that of a right angled bend of length I along the antn b f | r 
Then if £ is the proper coefticient corn spending tn l ‘ f 
dnmeter, velociU and roughness in tin ordinary f rniid* f r 


pip** friction 


U 


r 4l 
-V < ! ’ 


l,-Ol 

Tiling f«0 00'- fur n r0 inch n.*| J tj* 

J ngll s wpihal'Uit to n xi^ht angled l»td an ft« MJw«# 
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1 73 


p= 

021 

031 

050 

083 

125 

21 

R/d = 

24 

16 

10 

6 

4 

2 4 


1 8 

1 84 

2 36 

30 

3 1 

36 

i= 

94 

63 

39 

24 

16 

9 feet 


169 

115 

92 

72 

49 

32 „ 

,-i = 

75 

52 

53 

48 

33 

33 „ 


It cannot be said that knowledge of the resistance at 
bends is satisfactory , more experiments on an adequate scale 
are necessary But it is fairly certain that the additional 
resistance at a bend o\er that of a straight pipe of equal 
length is not, for practical calculations, a very large or serious 
quantity when the resistance of long mams is m question 
99 Valves cocks, and sluices — These contract the 
section of the pipe, and there is a further contraction of the 
• stream passing the sluice, and an abrupt enlargement of the 
section of the stream causing loss of head bj shock The loss 
of head may be expressed by the relation 

(26), 

where v is the velocity in the pipe bejond the sluice where 
regular motion is ro established 

Pipe of rectangular section. — Section at the sluice, &>, j 
m pipe beyond the sluice, a> 

^ ■= lO 09 08 0" OC 05 

(t = 00 0 09 0 4 0-95 208 402 

^ - 04 03 02 0 1 

C, ■= 8 12 17 8 44 5 1930 



F«s PS F« 91 


Sluice in cylindrical pipe — Lot p-hfll be the ratio of 
height of opening to the diamiter of the pipe 
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P=l-0 z 2 1 l 2 11 

^•=1*0 055 0-55 0 7 4 0-61 -47 32 -16 

f, = 0-0 007 Cr=e 051 21 55 170 978 

Some experiments by Kui chling on a 24-inch sluice in a 
cast-iron mam gave the following results : — 

p «= 0-66 060 050 037 025 018 

f, =* OS 1*6 3 3 5-6 22 7 41-2 


It will b=» seen how very largely the pressure beyond the 
sluice is reduced when the valve ta much closed. The form of 
the valve casing has a good deal of influence on the resistance. 
'With various forms of casing the r esistan ce when the valve or 
sluice la foil open may amount to from two to sixteen tunes 

v/2? 

100 Flow in a main in which there are secondary 
resistances. — The equation for the velocity of flow becomes 
too cumbrous if expressions for the secondary resistances are 
inserted. It is beat to proceed by approximation. Let H ^ 
the total head m the length I. Then taking account only of 
the inlet resistance and skin friction an approximate value of 
the velocity r can be found from the equation 

r=S-02o s /[ (I - - (-') 

Knowing this approximate velocity, the losses of head due 
to the secondary resistances can be calculated. Let h — the 
sum of these losses. Then a more approximate value of v can 
be found from the equation 


= 8 025 


/f 

V \<I-r $,)<*+ 40 


}• 


. ( 28 ) 


Peoeixus. 

1 Find an expression for the relative discharge of a Equare Kid a 

circular pipe of the same section and slope. 1<16« 0 ’ 

2 A pipe is 6 inches in diameter, and is laid for a quarter of a m e 

a slope of 1 in 50 ; for another quarter of a mile at a 
1 m 100, and for a third quarter of a mile is lereL 
surface of the supplv reservoir u 20 feet above the mle * 
that of the lower reservoir 9 feet above the outlet t/ei S 
Darcj’s coefficient for clean pipes, find the discharge. 
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13 A pip** 12 indie* m diameter and 1 jmle in Kngth delncn inter 

fmm one tv-moir to nnotlur autli n tilth. mice of lcul of 
CO ha The surface an. a of the lower rc«enoir is 10,000 
square fnt t and tlie water*le\cl n olxcncd to he rump at the 
nto of II inchts per hour Find the coclhcicnt of friction f 
of the pipe 00174 

14 A hydraulic until is G inches diamehr; the velocity n 3 fat 

p< r iictmil , and the pressure is 700 llw. ptr squire inch 
Wlnt is the gross hon-e-j*ower transmitted 108 II V 

1 'i Mipposing tlu hydraulic limn in the la*t question to l«o chin 
<a*t iron, Itnd the loss of prv-ntc in pounds jut square inch 
per null, and tin ptruntago of the tiurgy transmitted anted 
m friction 111 Il>\ ptr squire incli ; 201 pir ant. 

It. A horizontal pipe ti in thru section*, iuli of 1000 hit in hngth, 
nnd of dianutcr* 10 intht*, 12 mchc*, and 10 tnclm ruqnc 
tilth Tin di»charge n 0 tuhic fut jh r stcond. Taking the 
rutlluunt («001, tind the low or hud in friction in rich 
length, and tin thingt of prt«urt. at tich nl rupl clung*' of 
dunnttr Friction »■ 0 00, 3 00, ami y'O'l fut. 

Pfuwirc change, 0 000 and 0SP8 foot 

17 Taking the pmnirc at the inht of the pipe ill the h«t qm-<ti n to 
!■ *-h fut, ilm the hydraulic gminut "ith a urtical rede 
lifts tliuti tin horizontal 

IP A pi«« ctiiniitti tiro nienmn lOOOfut apart with a diihrcnc** 
if surfui lei 1 1 of 20 fut If A sluice nt the outht into the 
I* "ft rr*«r'uir u partially clo-ed so that the d> < harp H 
rulncitl to olu half, what will 1«* the change in tin* hydraulic 
gri ltrlit » 
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DISTriBBTION OF WATER BV PIPES 

101 Town supply — The amount of water supplied per head 
in different towns vanes very greatly For ordinary domestic 
purposes 1 2 gallons per head per day is a small supply, and 
18 to 20 gallons an ample supply For trade and manu 
factunng purposes 6 to 12 gallons per head per day is 
generally sufficient. But in a great many towns the supply 
is larger, and m some cases this is due to waste of water by 
leakage from the mains. In some towns in the United States 
the supply reaches 100 to 150 gallons per head per day 
The demand for water v anes being small at night and greatest 
at certain hours m the day In designing water mains it is 
usual to assume the maximum rate of flow to be double the 
mean rate In laying new mains a further allowance is made 
for the prospective increase of population. 

The greatest statical pressure in the mams is in ordinary 
cases 200 to 300 feet of water, and with commercial fittings 
a higher pressure is undesirable The lowest pressure which 
should be provided at points of delivery to consumers is 80 
to 100 feet If a district varies considerably m level it is 
div ided into zones m each of which the difference of level does 
not exceed 80 to 100 feet An independent supply from a 
service reservoir at least 200 feet above the lowest point in 
the zone is provided. Such service reservoirs are fed by a 
trunk mam from the source of supply, and usually contam 
three or more days supply in case of accident to the main 
The distributing mains are calculated so that when losses of 
head are allowed for there is adequate pressure at all points 
of delivery during the hours of maximum demand. 

The zones are divided into snbdistncts, each with an 
177 
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independent supply, and these districts vary in area •with the 
population. One reason for this is the desirability of control- 
ling waste of water by waste-water meters* through which the 
supply to limited districts can be passed and measured. The 
smallest mains used are 3 inches in diameter, but generally 
mains are not less than 4 or 6 inches in diameter 



102, Water-supply main. — Fig 95 shows the general 
arrangement of a water-supply main connecting a storage 
reserv oir A and a service reservoir B. The line of hydraulic 
gradient is drawn from the lowest level in A to the highest 
in B, the condition in which the rate of Sow will be Uatt. 
The pipe line follows generally the contour of the ground, but 



is everywhere below the hydraulic gradient. At C b a stream, 
where the pipe line may be earned under the stream by a 
specially constructed steel pipe, termed a siphon, or over u sa 
a bridge aqueduct. At D is a valley, which my b* crv '' i . 
by a siphon, or the pipe may be earned on pierc If high 
ground occurs on the route it may be necessary to p.VY^tbe 
pipe? m a tunnel to avoid rising above the gradient* Arot“Cr 
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«\r of dealing willi ming ^rrorni 1 !>ctwccn tlic inlet nml outlet 
i* to ndoj l n iniin with pipe* or two <1 lime ten. Thu*, in Fig 
OG.the n*ing ground nt C preaenti tlie adoption of a uniform 
hydraulic gradient from A to It Tlien n larger pipe must lie 
u*cd from A to C, gning the required discharge on the flatter 
gradient, and n mailer pipe maj l>o u«od from C to B, giaing 
tlic Mine discharge on tlic steeper gradient 

As to tlic pressure in tlio main when tlic outlet is full 
open, tlic pressure in feet of water nt nnj point is tlic acrtical 
mtcrcejt between the pipe line nnd the lijdraulic gradient. 
Rut if n nhc nt the outlet is closed nnd tlic water is 
Ftntionat} m the mam, the pressure is the vertical intercept 
l>etwccn the i ipe line nnd the homontnl AF Hence gener- 
ally the strength of the pipe hns to he cnlculated for this 
latter pressure, if under nn) circumstances the outlet can bo 



closed. Any regulation of the flow nt the outlet increases 
the pressure in the mam In certain cases to reduce the cost 
of the mam, there is no \nhc at the outlet, and regulation of 
flow is effected entirely b) a aal\c nt the inlet In that case 
the pressure nt any point is ncacr greater than the height to 
the hydraulic gradieut 

103 Break pressure reservoirs — When n water mam 
is of great length, nnd when there is n large fall H a between 
the supply resen oir at A and the final seruce resen oix at 
13, it is often necessary to introduce intermediate balancing 
or break pressure reservoirs, such as those shown m Fig 97 
at C and D The general hydraulic gradient is the line AB 
from the surface level in A to the surface level in B and for 
tins gradient and the required discharge Q the diameter of 
the pipes must bo calculated Now, if there are no inter- 
mediate reservoirs, the pressures in the mam at any point 
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independent supply, and these districts vaty m area with the 
population One reason for this is the desirability of control 
ling waste of water by waste water meters, through which the 
supply to limited districts can be passed and measured. The 
smallest mams used are 3 inches m diameter but generally 
mams are not less than 4 or 6 inches in diameter 



102 Water supply mam- — Fig 95 shows the general 
arrangement of a water supply mam connecting a storage 
reservoir A and a service reservoir B The line of hydraulic 
gradient is drawn from the lowest level m A to the highest 
in B the condition in which the rate of flow will be least 
The pipe line follows generally the contour of the ground but 



is everywhere below the h} draulic gradient At C is a stream 
where the pipe line maj be carried under the stream b) a 
specially constructed steel pipe termed a siphon or over it on 
a bridge aqueduct At D is a valley, which ma) be crossed 
bj a siphon, or the pipe may bo earned on piers If high 
ground occurs on the route it waj bo necessary to place the 
pipes in a tunnel to av oid ns mg above the gradient Another 
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way of dealing with rising ground between the inlet and outlet 
is to adopt a main with pipes of two diameters Thus, in Fig 
9G, the rising ground at C presents the adoption of a uniform 
hydraulic gradient from A to B Then a larger pipe must be 
used from A to C, giving the required discharge on the flatter 
gradient , and a smaller pipe may bo used from C to B, giving 
the same discharge on the steeper gradient 

As to the pressure in tlio main when the outlet is full 
open, the pressure in feet of water at any point is the vertical 
intercept between the pipe line and the hydraulic gradient 
But if a vahe at the outlet is closed nnd the water is 
stationary in the mam, the pressure is the vertical intercept 
between the pipe line and the horizontal AF. Hence gener- 
ally the strength of the pipe has to be calculated for this 
latter pressure, if under any circumstances the outlet can be 



closed. Any regulation of the flow at the outlet increases 
the pressure in the main In certain cases, to reduce the cost 
of the main, there is no valve at the outlet, and regulation of 
flow is effected entirely by a valve at tbe inlet In that case 
the pressure at any point is never greater than the height to 
the hydraulic gradient 

103 Break pressure reservoirs — When a water-main 
is of great length, and when there is a large fall H 3 between 
the supply reservoir at A and the final service reservoir at 
B, it is often necessary to introduce intermediate balancing 
or break pressure reservoirs, such as those shown in Fig 97 
at C and D The general hydraulic gradient is the line AB 
from the surface level in A to the surface level in B, and for 
this gradient and the required discharge Q the diameter of 
the pipes must be calculated Now, if there are no inter* 
mediate reservoirs, the pressures in the mam at any point 
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independent supply, and these districts vary m area with the 
population One reason for this is the desirability of control 
ling waste of water by waste water meters, through which the 
supply to limited districts can be passed and measured The 
smallest mams used are 3 inches in diameter, but generally 
mains are not less than 4 or 6 inches in diameter 



arrangement of a water supply mam connecting a storage 
reservoir A and a service reservoir B The line of hydraulic 
gradient is drawn from the lowest level in A to the highest 
in B, the condition in which the rate of flow will be least 
The pipe line follows generally the contour of the ground, but 



Fig 96 


is eveiywhere below the hydraulic gradient At C is a stream, 
where the pipe line may be carried under the stream by a 
specially constructed steel pipe, termed a siphon or over it on 
a bridge aqueduct At D is a valley, winch may be crossed 
by a siphon, or the pipe may be earned on piers If high 
ground occurs on the route it may be necessary to place the 
pipes in a tunnel to avoid rising above the gradient Another 
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way of dealing with rising ground between the inlet and outlet 
is to adopt a mam with pipes of two diameters Thus, in Fig 
9 6, the rising ground at C prevents the adoption of a uniform 
hydraulic gradient from A to B Then a larger pipe must be 
used from A to C giving the required discharge on the flatter 
gradient , and a smaller pipe may be used from C to B, giving 
the same discharge on the steeper gradient 

As to the pressure in the mam when the outlet is full 
open, the pressure m feet of water at any point is the vertical 
intercept between the pipe line and the hydraulic gradient 
But if a ialve at the outlet is closed and the water is 
stationary in the mam the pressure is the vertical intercept 
between the pipe line and the horizontal AF Hence gencr 
ally the strength of the pipe has to be calculated for this 
latter pressure, if under any circumstances the outlet can be 



closed. Anj regulation of the flow at the outlet increases 
the pressure in the main In certain cases, to reduce the cost 
of the main, there is no valve at the outlet, and regulation of 
flow is effected cntirel} bj a vahe at the inlet In that ca«^ 
the pressure at ail} point is never greater than the height to 
the hydraulic gradient 

103 Break pressure reservoirs — When a water main 
is of great length and when there is a large fall H s between 
the suppl} reservoir ot A and the final service reservoir at 
B, it is often ncccssar} to introduce intermediate balancing 
or break pressure reservoirs such as tho'e shown in Jig 97 
at C and D The general h)draulic gradient is the line AB 
from the surface level in A to the surface level in B, and for 
this gradient and the required discharge Q the diameter of 
the pipes mu't be calculated. Now, if there arc no inter 
mediate reservoirs the iressures m the mam at any j>oint 
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whore, in approximate calculations, a common mean value can 
be selected for £ The total loss of head due to friction is 

t§ 95. «!• («)] ' 

H = », + », + *, 

-0 1008{Q=|i + i + ^ . . (1) . 

(6) Constant velocity i n the main, the discharge diminish- 
ing from section to section — Let Q 1( Q 2 , Q 3 be the discharges 
in the successive sections, d v d 2 , d 3 the diameters, and l u l 2 , l 3 
the lengths of the sections, and let v be the common velocity 
throughout the main. Then the diameters must be fixed by 
the relations 



Introducing these quantities into the ordinary equation for 
loss of head in friction, the total loss is [§ 95, eq. (26)] 

K°h l + h z + h s 

■oo^>{A- + A- + A-} . m 

The secondary losses of head are neglected in these equations, 
and usually have to be allowed for by an addition to H, 
determined by experience in similar cases 

105. Equivalent main of uniform diameter — It sometimes 
facilitates calculations of loss of head to substitute for a main 

- lr - U •• 

A 4 - - §•» — 1 

- - L 

B ~ 

Fig 98. 

in sections of different diameter an equivalent uniform main 
having the same discharge with the same loss of head. Let 
A (Fig 98) be a main of varying diameter having lengths 
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when the pipe is delivering the full discharge will be the 
height from the pipe to the hydraulic gradient AB. So far 
as this condition of things is concerned, intermediate reservoirs 
are not necessary. But in the working of the main there 
must he times when the delivery of the main is decreased, 
and the pressure in the main will then be greater; thero 
must be times when the delivery is stopped, and then the 
pressure at any point in the main will bo the hydrostatic 
pressure duo to the depth of the point below the surface-level 
in the supply reservoir, or, what is the same thing, the height 
from the pipe to the horizontal AE. Thus at D the hydro- 
static pressure would be H 2 , and at B, H s . Hence, ns respects 
strength, the pipe must be calculated for the hydrostatic 
pressure in tho main when the delivery is stopped, aud this 
may involvo inconvenient thicknesses of pipe and unnecessary 
cost. By taking the pipe line so as to reach at C and D the 
level of the hydraulic gradient, and introducing balancing 
reservoirs thero, into which one length of main discharges and 
from which another receives its supply, the pressure conditions 
ore ameliorated. With full delivery the hydraulic gradient 
is AB ns before. But when the deliver}' is stopped, the 
hydrostatic pressuro in each length can never exceed that 
due to tho nearest higher reservoir. Tims nt C tho pressuro 
cannot exceed h l ; nt D it cannot exceed h . 2 ; and at B it 
cannot exceed h s . 

104. Loss of head in a main consisting of sections of 
different diameters.- — Two cases may bo considered, (a) The 
discharge may be taken to be constant throughout tho main, 
(ft) The velocity may be taken to be constant throughout, 
I^rtions of the flow being abstracted by bmnch mains nt each 
change of diameter. 

(«) Constant ilisrhargr — Let Q be the discharge, <? t , d., 
the diameters, and / 3 the lengths of the sections of the 
main. Then the velocities are 

•W?' 1 - r =- Q A‘ V: r >" Q /v / - 

Tin* lo-^ei of he.ul due to friction are 


•v 

-V •!,' 




v II. 


•!. ' 
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where, in approximate calculations, a common mean value can 
be selected for £ The total loss of head due to friction is 
B 95. «] (46)] 

J1 ** h x + h 2 + h 3 

-0 100 ( 1 ) 

(b) Constant velocity in the mam, the discharge diminish- 
ing from section to section — Let Q lr Q, Q 3 bo tho dischargCB 
in the successive sections d lt rf 2 d 3 tho diameters, and /„ l 2 l a 
the lengths of the sections, and let v bo tho common velocity 
throughout tho mam Then tho diameters must ho fixed by 
the relations 



Introducing the«o quantities into the ordinary equation for 
loss of head in friction, the total loss is [§ 95 cq (22»)] 

II « h x + U 2 + h a 
- 0002 = *<{£♦£♦£) 

( 2 ) 

The secondary losses of head arc neglected in these equations, 
and usually have to bo allowed for by an addition to IT, 
determined by experience in similar cases 

105 Equivalent mainof uniform diameter — It sometimes 
facilitates calculations of loss of head to substitute for a main 

<*- i, ►<* L t *r* U 

A 4 h 

- I ...... 

b !~ I 

Fi? 08 

in sections of different diameter an equivalent uniform main 
having the same discharge with tho same loss of head. Let 
A (Pig 08) be a main of varying diameter having lengths 
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when the pipe is delivering the full discharge will be the 
height from the pipe to the hydraulic gradient AB So far 
as this condition of things is concerned, intermediate reservoirs 
are not necessary But in the working of the mam there 
must be times when the delivery oi the main is decreased, 
and the pressure m the mam will then be greater, there 
must be times when the delivery is stopped, and then the 
pressure at any point in the mam will be the hydrostatic 
pressure due to the depth of the point below the surface level 
m the supply reservoir, or, what is the same thing, the height 
from the pipe to the horizontal AE Thus at D the hydro 
static pressure would he H 0 and at B, H 2 Hence, as respects 
strength, the pipe must be calculated for the hydrostatic 
pressure in the mam when the delivery is stopped, and tins 
may involve inconvenient thicknesses of pipe and unnecessary 
cost By taking the pipe line so as to reach at C and D the 
level of the hydraulic gradient and introducing balancing 
reservoirs there, into which one length of mam discharges and 
from which another receives its supply, the pressure conditions 
are ameliorated 'With full delivery the hydraulic gradient 
is AB as before But when the delivery is stopped, the 
hydrostatic pressure m each length can never exceed that 
due to the nearest higher reservoir Thus at C the pressure 
cannot exceed h 1 , at D it cannot exceed ho , and at B it 
cannot exceed h 3 

104 Loss of head in a mam consisting of sections of 
different diameters — Two cases may be considered (a) Tho 
discharge may be taken to be constant throughout the main 
(b) The velocity may he taken to be constant throughout, 
portions of the flow being abstracted by branch mams at each 
change of diameter 

(a) Constant discharge — Let Q be the discharge, rf, d dj 
the dinmeters and l lt l« (j the lengths of the sections of the 
mam Then the % clocities are 

■W? 1 "’ r =’“ < 3 /v , - ! - W?’" 


The losses of head due to friction are 
4/, 


= -y, 

1 -3 




4 L 
A’ 


U, 
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where, in approximate calculations a common mean value can 
he selected for £ The total loss of head due to friction is 
[§ 95, eq (46)] 


H = h 1 + K + h 3 


= 0 looser 


i*( L- + i + kl 


0) 


(5) Constant velocity m the mam, the discharge diminish- 
ing from, section to section — Let Q lf Q 2 , Q 3 he the discharges 
in the successive sections, d 2 d z the diameters, and l lf l 2> l z 
the lengths of the sections, and let v be the common velocity 
throughout the main Then the diameters must be fixed by 
the relations 


*-ya- '.vs- 


Introducing these quantities into the ordinary equation for 
loss of head in friction, the total loss is [§ 95, eq (2&)] 

H = h x + h 2 + h 2 

“0° 622 HH + l} 

“ 0 0551(t>' |A_ + A. + A_| (2) 

The secondary losses of head are neglected in these equations, 
and usually have to be allowed for by an addition to H, 
determined by experience m similar cases 

105 Equivalent main of uniform diameter • — It sometimes 
facilitates calculations of loss of head to substitute for a main 


K 

XZ 


l , 

d. 


L 

H 


i, 


- i - 

B I a 

Fig 9S 

in sections of different diameter an equivalent uniform mam 
lm mg tho same discharge with the same loss of head. Let 
A (Fig 98) be a main of varying diameter having lengths 
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£ 3 ... of diameters d v d„ d 3 .... It is required .to 
find the length / of an equivalent main B of diameter d. 
Let 0 2 , 0 3 ... be the velocities in A, and v the velocity in 
B, with any discharge Q. Since the loss of head in B is 60 
be the same as that in A, from § 95, eq. (2b), 




where a common mean value can be selected for f But 


Q *= -^Pv - -jd\Vy = • 


Consequently 



l d% dH, 
d-i> + d> + d>+ 


i—d 5 (A.j.A. + II h 

1 w -v v 



(3), 


which is the length of the equivalent main. 

106. Main in which the discharge decreases uniformly 
along the length. — In street mains water is delivered into 
branch mains or service pipes, so that the discharge pro- 



gres 3 ively decreases. It is useful to consider a limiting case 
in which the volumo of flow in a main of uniform diameter 
decreases proportionately to the length. Let AB (Fig. 99) be a 
pipo supplied from a reservoir, and DE its hydraulic gradient. 
Let Q cubic feet per second be supplied at A, and discharged into 
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service pipes uniformly along the route, so that the pipe loses 
q — Q jl cubic feet per second per foot run Let C be any point, 
AO = z, AB = /, h x = the virtual fall from A to 0, = the 

virtual fall from A to B, and d — the diameter of the pipe 
The volume of flow at C is Q* = Q — qx In a short length 
dx at C the head lost is [§ 95, eq (4&)] 

dh = 0 100si<Q-jz)V:c 
Hence between A and 0 the head lost is 

», = 0 100aji j (Q -j*)”<fa 

J 0 

But 

/IQ - qx'fdx - Qfdz - 2 Qqfzdz + ffx* 'dz, 
j (Q - qx) 2 dz = Q”z - Qqz’ + Ifx* 
h, = 0 100sJ,(<} ! * - Qp s + J}W} (4) 

But 

Q = Qz + F 

h t = 0 1 OO8J5 + Q zqx- + 

At B, 

Qx — 0, h x **k v x = l, qz = Q 
K = 0 1008^ <£ = 0 lOOsjj ?? (5) 

la other wcrnia, tie totsl loss of head is precisely one third 
of what it would be if the flow was uniform along the pipe 
instead of uniformly decreasing The lino of hydraulic 
gradient in this case is a cubic parabola , that is, assuming as 
usual that lengths measured along tho pipe do not sensibly 
differ from their horizontal projections. 

Determination of diameter of pipe which delivers water 
uniformly en route — Suppose a pipe of uniform diameter d 
recedes Q cubic feet of water per second at the inlet and 
delncrs Q, cubic feet at z feet from the inlet, having distn- 
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l x h h diameters d x d 2 d 3 It is required to 

find the length l of an equivalent main B of diameter d 
Let v x v 2 v z be the velocities m A and v the velocity m 
B with any discharge Q Since the loss of head in B is to 
be the same as that in A from § 95, eq (2&) 


L d 1 d . 


, > v 3 h 
t A + t rl 


where a common mean value can be selected for f But 




Consequently 



l d\ d% dH, 
d d * + d‘ d,‘ * 




(3) 


which is the length of the equivalent main 

106 Mam in which the discharge decreases uniformly 
along the length — In street mains water is delivered into 
branch mams or service pipes so that the discharge pro 



Fg 99 


gressnely decreases It is useful to consider a limiting case 
in which tho volume of flow m a main of uniform diameter 
decreases proportionately to the length Let AB (Iig 99) ho a 
pipo supplied from a reservoir and DE its hydraulic gradient 
Let Q cubic feet per second be supplied at A and discharged into 
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service pipes uniformly along the route, so that the pipe loses 
g = Qfl cubic feet per Becond per foot run Let C be any point, 
AO = x, AB —l, k x = the virtual fall from A to C, h x = the 
virtual fall from A to B, and d = the diameter of the pipe 
The volume of flow at C is Q* = Q — qx In a short length 
dx at C the head lost is [§ 95, eq (45)] 

dh= 0 1008^(Q -qxyix 
Hence between A and C the head lost is 

1^ = 0 1008^) (Q-{l)Vl 

J 0 

But 

/IQ - qzfdx = Q 2 fdx - 2 Qqjzdz + q' 'fzdx , 
j (Q - qzfdz = Q’r - Qq? + 

^ = 0 1008|{q^-Qp'+5 8 v} (4) 

But 

Q = Q x + 5 ar 

h x = 0 I008^{Q> + Q^ 2 + 

At B, 

Qz = 0, h x = h v x = l, qx = Q 
A, = 0 1008^=0 1008^' (5) 

la other munis, the fats! loss of heed ts p nsaself ose third 
of what it would be if the flow was uniform along the pipe 
instead of uniformly decreasing The lino of hydraulic 
gradient in this case is a cubic parabola , that is, assuming as 
usual that lengths measured along tho pipe do not sensibly 
differ from their horizontal projections. 

Determination of diameter of pipe which delivers water 
uniformly en route. — Suppose a pipe of uniform diameter d 
recedes Q cubic feet of water per second at the inlet and 
delivers Q, cubic feet at x feet from the inlet, having distn- 
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butcd qz cubic feet uniformly m that distance From the 
equation nbotc, the loss of head in the distance a; is 

K = 0 1008 ( |-|Q> + + J,v J 

Now let 

Q-=Q>Q^i+ J?V 

Then in a simple form similar to that for pipes in which the 
discharge is uniform along the length, 

A^OIOOS^Q (C) 

But Q' is greater than Q,+^r,nnd is less than 

1 

that is, Q lies between Q x +0 oqx and (L+Ouijx 
As an approximation let Q' = Q x -f 0 55gx , 

*,-0 1008^(Q,+ O^r (7) 

So that if the pipe is calculated for the di'chargo Q, at the 
outlet end plus 0 5o of the delnerj qx en route like a J ipe 
of uniform discharge, it will satisfy the conditions. 

107 Pipe connecting a supply and a service resen oir, 
and delivering water en route — Let / be the length of the 
pipe and h the difference of surface Icul in the n-vnoirs. 
During the night when the consumption cf water tn nute 
is zero, the pipe debtors from A to B (Iig 100) a quantity of 
water gvun b) the relation 05, iq (in)) 

«-»»«/?• 

The hydraulic gradient is th p *i th straight 1m* All ^ 

When the con«ump*ion en nute niches the table ql, Q 
is ten j\e 1 at A, milQ,nQ — ql is d birred at 11 I ri in if ■* 
eqm'jnn nloio 

Q,»!lt)y l [ [-01’ 1 ! (“>■ 


If I-^rru i Q, »Iii nt i'l nil wlim 



Jll‘ /If 

U- V t "“‘V ( ’ 
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the di< charge into the resenoxr B cca«cs. The line of hydraulic 
gradient is then n cubic parabola v ltli n horizontal tangent at 
B When the service at route increases still more, the pipe is 



fed at one end by the resen our A and at the other end by the 
reservoir B The line of hydraulic gradient remains parabolic, 
but its horizontal tangent is at some point C 

Let ar, be tho horizontal distance from A to C, and Zj from 
C to B, and let h s be the airtual fall from A to C From 
§ IOC, eq (5), 

/>,= oioosi® j’. 

and considering the section CB, 

*.-* = 0 1008 ^?-^, 


also l = Zj + Xj. These three relations determine any three of 
the quantities h, h r d, q, x lt x ? It may be noticed that 


Tj f/h x 
*» = %-!)’ 

X ~1 ^ hz 

1 i'h z + V{h x -h) 


0 ), 


108 Branched pipe connecting- reservoirs at different 
levels — -Let A,B, C (Fig 101) be three reservoirs connected by 
pipes as shown. Let l lt d u Qj, be the length, diameter, 
discharge, and \elocity in the pipe AX , l s , Q„, v t the same 
quantities for BX, and l s , d y Q 3 , r s for XC Suppose the 
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dimensions and positions of the pipes known and the discharges 
required It a pressure column is introduced at the junction 
X the water will rise to a height XE and aK, 6R cB will be 
the hydraulic gradients of the pipes If the surface level at 
R is above 6, the reservoir A supplies B and 0 If the surface 
level at R is below b the reservoirs A and E supply C Con 



Fjg 101 


sequently there are three cases— (a) K abo\e b C<h = Qz + Q 3 > 
(6) E level with b Q v = Q 3 and Q 2 = 0 , (c) E below b Q, + 
Q 2 = Q 3 To determine which case has to be dealt with 
suppose XB closed by a sluice Then there is a simple mam 
of two diameters Let h a h b h e be the heights of the surface 
le\el in A B and C above datum and h / the height of R on 
the assumption that XB is closed Then by § 95 eq (45) 

A. -A = 0 1008%/’, 

A -A„ = 0 1008%/ 

d i 

Rut in the condition assumed Qj = Q 3 

hg~h _ l t d s B (20) 

h ~h e fgrfj 5 

from which hf is easily calculated If then b! is greater than 
h. b opening the sluice in XB will allow water to fl° w m 0 
reservoir B, and the case is (a) But if h' ** h t the case is( )» 
and if h' is less than k b opening the sluice will admit water 
from B to C and the case is (e) Ilaving distinguished tlio 
case the problem con be sohed by approximation choosing a 
new value of h between h' and h t and recalculating ”1 
and Q s The problem is sohed when with the assume uo 
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of h, the relations of the discharges are those stated above 
The approximation seems cumbrous, but is really easy 

109 Compound main — It is sometimes necessary to 
supplement part of a main by one or more mams laid near it, 
or between two points there may be several mams through 
which water can flow. Such a system may be termed a 
compound main. Suppose the pomts A and B are connected 
by mains in, n, and p Let Q 1( Q 2 , Q s be the discharges of the 
mams, d lt d 2 , d 3 their diameters, l v l 2 , / s their lengths, and A the 
virtual fall or difference of level of the hydraulic gradient 
between A and B The total discharge of the mains, from 
§ 95, eq (4a), is 


Ql+Q!+Ql = 3 HoyM/ ; f +v /fy^} 


It is sometimes convenient to calculate the diameter of a single 
equivalent main having the same discharge as m, n, and p with 
the same virtual falL Let d be its diameter and l its length 
Then 

-vt-vtvtr 


(ID 


If/ = / l = / 2 = / 3 , 


d = t v'd, S + JdS + 


( 12 ) 


110 Hydraulic gradient of a pipe of variable diameter. 
— At a change of diameter, where the velocity changes from 



t, to t„, there is a change of pn.as U re head Q’«— J',)/G = 
(r,* — and al«so usually a loss of head in shock, the 
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amount of winch for different cases is discussed in § 07 
Supposes for simplicity the shock losses neglected and that a 
mean \alue is selected for the pipe friction coefficient f Let 
Tig 102 represent n main, the sections of which have 
diameters d t ,d» d s , and lengths l : , l 2 , l s and let Q be 
the discharge The losses of head due to pipe friction arc 
R 05, cq (45)] 

A, = 0 1008Qfi, 

h.-O lOOSQ'f*’ 


At 1' there will bo n gam of pressure head due to decrease 
of velocity from v x to t», at C and D there will he los3 of 
pressure head due to increase of velocity from t 2 to t 3 and 
from t 3 to The velocities can he calculated from the 
diameters and the discharge, and the changes of head are 



The piessure head lost in giving velocity at the inlet is 

*.=lr oo2Bi $ 

With these quantities the hydraulic gradient can he drawn 
and the total head lost, or virtual fall of the pipe, is 


H = h t + h 2 + + + 

111 Cost of water-mains — The cost of water mams 
per foot run laid in the ground, with the ordinarily necessary 
appendages, is nearly proportional to the diameter, an 
about . 

C = 5<f to 7d 

where C is in shillings and d in feet It can be deduced 
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from till' tint it i* more economical to delncr water from 
one point to another hr n nngle pipe thin by several Hence 
more thin one pipe should l>c need onl} if the limit of size 
for n Finple pipe n reached. The co»t of the pipes to convey 
a gnen quantity of water from one point to another is less 
ns the total quantity to !*c con\r}cd is greater, The whole 
co<;t of a di'lnl uting F}ftcm taiween given points increases 
about ns the Jth j'owcr of tho lohime of water distributed, 
112 Corrosion and incrustation. — \\ ith romo qualities 
of water, cono'ion of iron miins occurs. The cono'ion takes 
the form of nodular or limpet "hal'd! masse*, which in time 
become confluent and reduce the discharging capacity of the 
mam, partly by reducing its cross section and partly h) 
increasing the roughne's. \\ ith tome other qualities of water 
incrustations of matter denied from tho water, such as 
carbonate of lime, form on the pipe and Imc a similar effect 
In the case of pome mains the discharge decreases rather 
rapidly for pome time after the} are laid, in consequence of 
corrosion and mcru«tation The first case in winch this was 
noticed was at Torquaj , where the main had not been coated 
with asphalt, the idea being that the pure surface water from 
the Dartmoor hills would Imc little action on the pipes 
But in eight }cars the discharge had decreased 51 percent 
At that time Mr Appold suggested scraping the internal 
surface of the mam b) scrapers dri\cn through by the water 
pressure. Tins plan was adopted and after scraping, the 
deliver} increased 28 per cent The plan has since been 
adopted in man} cases and the discharge 1ms been increased 
by scraping b} from 28 to 82 per cent in different cases. 
If scraping is adopted, however, it requires to be repeated, 
for the protectne coating of rust and incrustation is removed, 
and thus though Blowl}, the pipo is worn away At Torquay 
the nodules of rust arc to -jp G inch in height after twelve 
months (Ingham, Proc Inst Mech Engineers, 1873, 1899) 
In the case of Torquay the water from a granitic district has 
a serious action on iron, possibly from containing an acid 
derived from peat The matter remoaed by scraping con- 
tains about 38 per cent of oxide of iron, 43 per cent of sandy 
matter deposited from the water, and 18 per cent of organic 
matter At Southampton, where the water is obtained from 
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chalk wells, the incrustation consists of 98 per cent of 
carbonate of lime, and a little sulphate of lime and iron oxide. 
Well waters from the Old Red Sandstone do not cause much 
corrosion or incrustation Soft water appears to hate greater 
•action than hard water 1 

The best protection against corrosion is to coat the pipes 
with what is known as Dr Angus Smith’s composition The 
pipes are heated m a cylindrical stove to about 000° T. and 
then dipped in a bath of pitch and oil of such a consistency 
as to produce a tough coating Natural asphalt is preferred 
by* some, with enough creosote oil to gi\e a tough ant. In 
the case of steel pipes they should be cleaned in a sulphuric 
acid bath followed by one of lime water to neutralise the acid, 
and then dipped m the asphaltic composition kept at nearly 
boiling temperature 

Slime deposits in pipes carrying unfiltered water. — 
A serious decrease of discharge occurred in the first length of 
mam of the Vyrnwy aqueduct, which has been traced to the 
growth of an organic deposit, and no doubt the same cati«e 
has operated in other cases The organisms arc brought into 
the pipo with the water and attach themselves to the 
'I bread. like organisms with a gelatinous sheath develop, ami 
iron oxide is deposited m the sheaths, which continuo to 
thicken Solid particles in the water nro c night by the 
gelatinous threads. Acidity other than carbonic acid always 
characterises water vvluch produces this slime, and an 
apprcuuhlc quantity of iron m solution. Mr G T Deacon 
Ins succeeded m removing the slime deposit by n kind of 
scraper with whalebone brushes which does not injure’ the 
pipe (I C Thrown, Tree J«5t Mrrfr Hn jififfrs, VJW.iy 

113 Pipe aqueducts — Thc^o arc usually of cast iron, 
some tunes of steel, and in Western America of wood Ci*t’ 
iron pipes do not ixcetd 18 inches diameter, are cist in 
1 iigtlis of 9 or 12 ft. t. and hau* spigot and rod. 1 1 joint 1 ’, 
the joints U mg filled with 1* id Soim turns the pip kngtln 
hiv. plain i ml-, and tin joint is nude by nrolhr firming a 
doulh- rt\ht t in wliuh b ul is run The pips an nhtin** 
»lv% vys ] larcsl m » tra nch and toil ml to promt t!<mffon 
* li^ '• if *»r 3 t ©f | lj»- *• *f« *'»«« tn I" t * 
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frost. As a protection ng-unst corrosion they nro heated and 
dipped \crtically in a bath of pitch and od, which forms a 
smooth hard coating and reduces the frictional resistance to 
the flow of water Steel pipes are much thinner, and therefore 
if corroded lo<ic proportionately more strength and arc moro 
liable to deformation bj earth pressure Put in some eases 
they cost less than cast iron, and can be made of larger size 
They are made from plates meted, welded, or made with a 
special locking bar joint which is as strong as tlie solid plate 
They usually liaac collar joints run with lend. 

A pipe aqueduct is earned up hill and down dale 
necessarily below the lino of bjdrouhc gradient, but otbcrwiso 
at any inclination adapted to the contour of the country, and 
in some eases a greater aelocity may be permitted in ft pipe 
than would be suitable for an open conduit Changes of 
direction are effected by special bond pipes, or short straight 
lengths (about 3 feet) arc jointed b} double socketed bc\el 
collars about 12 inches long, the sockets being inclined to 
each other 

The appurtenances of a pipe line are — (1) Air lakes, 
which are placed at c^ry summit in the pipe line to permit 
the escape of air when the mam is filled, and afterwards if any 
air is carried into the main They are also placed on long 
stretches of nearly level main The} are generally ball valves 
lighter than water, winch close the air \ent so long as the} 
are immersed, but which drop and open the air \ent if air 

accumulates. (2) Scour tahes arc placed at the bottom of 

all depressions for emptying the main or letting out sediment 

(3) Rejlux xalies on ascending parts of the main are flap 
halves which open in the direction of flow, but which 
automatically close if a burst occurs and the water flows hack 
They dimmish the damage done by escape of water at a burst 

(4) Momentum xalies are also intended to limit the escape of 

water at a burst A disc is placed m the pipe on an arm, 
counterweighted so that it is not moved by the ordinary flow 
of water If a burst occurs the accelerated flow presses back 
the disc, and the arm releases a catch, and another set of 

weights cause a disc throttle valve m the pipe to close 

gradually and arrest the flow of the water (5) Sluice stop 
valves worked by hand or by a hydraulic cylinder for closing 
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the main or regulating the flow. In the case of largo mains 
tho pressure on a large sluice-\ahe is \ery great, and the 
force required to moae the sluice when starting from the 
closed position is aery great Thus on a 36-inch \al\o, under 
250 feet of head the pressure would bo nearly 50 tons, and 
the frictional resistance to mowng the anhe perhaps 7 tons. 
To facilitate opening, the \ahe is sometimes diwdcd into 
three parts which can be opened separately In other ewes 
the aalao is made about one-third the area of the pipe Tho 
pipe is gradually contracted to the area of the \aho and 
gradually enlarged again. Then, though there is some loss of 
head at the iaho it is not \cry serious 

In a long mam the flow is usually controlled b) a sluice 
at the lower encl In that case, although the pressure in tho 
main when water is flowing is only tho pressure due to 
the depth below the hydraulic gradient, jet when the sluice is 
closed and the water at rest, tho pressure is that due to tho 
depth below the suppl} rcscrroir. The strength of tho pipes 
must therefore be sufltuent to sustain at all parts tho statical 
pressure due to tho depth below top water-lead in thorc'-enoir 
In the case of the I'isfc JerMi) main, Mr Hcrschcl Ins phcod 
the controlling sluice at the inlet to tho main, directions for 
rigid iting it bung transmitted from the outlet end li 
t* lcpliouc In that case tlie pressure in the mini cannot 

< xcicd nt nn) point tho pressure due to the depth KIow the 
h)dnuhc gradient The adoption of this plm jx-nuilf a 
material tawng of thickness and lost in the pips 

111 Examples of pipe aqueducts — (1) Tho Vyrnwy 
aqueduct — This aqueduct cirrus 10 million gallons jxr da) 
from tin a moir at Vjrnwj to a sen it" nstnoir at 
I.m rpxd, a distanu of GS milts. Tho water first pw 1 n 
through tin Him in t tunm I of 7 ft* l di him t< r and 3900 ) >nN 
l »n„\ ami fur m »rly the whol of tin nit of the di‘*am" 
through thrit Jims of * i«t iron pip s, i i< h 12 to 39 mrh<« 
in tin in'Ur As the n’ltnil In id on tlm imm wmiU U' 

< xc« *n< if th pip* I in* u is con t mantis, the t*td fdl fn 1 
Vjnittr t<» I’i* • *: I* ing '/Of..: I dim mg r»*«niJr* 1 

m it f't t« l c»t fin pints 1 n d mg the | ip I |f 11 1 “ 
,* r , * ( i*4 t i |i 1 »\in^ Hi own h) (finds* grill fit nf 1 a 

u fj’t d | r< *t-r»* d i t*' th I ul tn th f«n* * 
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feeding it. The greatest pressure at on) point is 317 feet of 
head. One of the 42-incli pipe lines, after beiug laid twelve 
years, with an hydraulic gradient of 4 5 feet per mile, dis- 
charged 15 million gallons per day This gives a velocity of 
2 892 feet per second, and a coefficient £= 0 00574 

(2) East Jersey steel aqueduct, for the supplj of 
Newark and other towns in New Jersey, U S A. — This consists 
of a steel meted main, 48 inches in diameter and 21 miles 
long, with a maximum pressure of 340 feet of head. It 
delivers 50 million US gallons per day, the velocity m the 
main being about 6 feet per second The chief peculiarity of 
this mam is that tho cross joints arc nv ctcd, so that the pipe 
is a continuous nveted structure without provision for expan- 
sion. It is calculated that the cross joints arc strong enough to 
resist the stresses due to 45° F change of temperature without 
allowing for any assistance from the fnction of tho ground 

(3) The Coolgardie pipe line — The longest pipe line is 
that through which water is pumped from a reservoir at Perth 
to Coolgardic and Kalgoorlie, Western Australia. Coolgardie is 
on a tableland which is one of the driest places in the world 
A daily supply of 5,600,000 gallons is pumped through a 
30-inch steel pipe of the locking bar construction with collar 
joints run with lead. There are eight pumping stations 
The distance from the storage reservoir to the service reservoir 
at Coolgardie is 308 miles, and there is a rise of 1290 feet in 
that distance From the service reservoir the water gravitates, 
the total length from Perth being 35 miles Most of the pipes 
are £ inch thick, which is sufficient for heads up to 250 feet 
They were coated with a mixture of one part asphalt and one 
part coal tar, and sprinkled on the outside with sand while 
hot In a test the following results were obtained, the pipes 
being new and clean — 


Hydraulic Gradient. 

Velocity 

Delivery 

Value of t 

Feet per Mile 

Feet per Second. 

Gallons per Day 

2 25 

1 880 

5,000 000 

00480 

2 80 

2 115 

5,600,000 

00476 


In arranging the pumping plant a loss of head of 3 76 

13 
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feet per mile has been allowed for, to provide against 
contingencies. 

115 Pumping main — It is a common case that water 
has to be raised by pumping from a m er to a reservoir, from 
which it giavitates to the town supplied In that ca*e the 
lift of the pumps H is known, the length of the pumping 
main l, and the volume Q which must be pumped per second 
In deciding on the diameter of the rising mam, it must ho 
considered that while the smaller the mam the less its cost, on 
the other hand the greater will be the cost of the pumping 
engines and the annual cost of pumping, because the frictional 
head to be overcome will be increased Usually, for various 
reasons the velocity in the pumping mam is restricted to from 
to 4 feet per second, but within these limits a diameter of 
mam can be found which is the most economical 
Let 

l = length of mam in feet 
Q = volume pumped m cubic feet per second 
d = diameter of main in feet 
II = total lift from river to reservoir 
h = frictional loss of head in main. 
p = cost per IHP of pumping engines, including the 
capitalised cost of maintenance and working 
q sa the cost of the main per foot of diameter and per 
foot of length, including cost of la) mg 
N = tot d I II ? of the pumping engines. 
j) = the mechanical tlliciency of the engines 
The total cost of the install ition of engines and main is 

pJV + 

The frictional loss of head m the main is 

» = 0 1008 -^/ 

Consequent 1) 

ooai + i).oniQ/ II+OIOM W») 

* :> r >Q n >/ \ a l 

In** rting this v ilue, 

c- in^'(H‘0 + 
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where d is the only variable Differentiating and equating 
to zero, 

_ *-v**vw* <“> 

In practice, dj»J Q is from 0 75 to 1 0 For instance, m the 
Coolgardie main 

df-J Q « 0 78 

11C Suction pipe of pumps — Let & be the height of 
the water barometer or atmospheric pressure in feet of water, 
and h the height from the water-level m the suction well to 
the bucket of the pump h must be less than b in any case, 
or pumping is impossible Let f! be the area of the pump 
bucket and o> the area of the suction pipe, r the radius of the 
crank and n the number of revolutions per minute. The 
average speed of the crank pin is u=27rrnf60 feet per second, 
and the connecting rod being supposed long the % elocity of the 
pump bucket is v *= u sin a, where a is the crank angle from 
the lower dead point The acceleration of the pump bucket 
at the beginning of its stroke is /= vPjr The corresponding 
acceleration of the water in the suction pipe is 



Let l bo the length of suction pipe. The weight of the water 
which must be accelerated is Gal The pressure acting on 
the water to make it follow the piston is G(5 — h)c j, and this 
will produce an acceleration 

G(b-h )wy _ (b - h)g 
Gud l 

In order that the water nnj follow the pump bucket, 

(b - h)g = A «" 
l > u r 

Substituting for ti its aiIuc above the greatest speed of the 
pump is given by the relation 



If the speed exceeds this the water will separate from the 
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feefc per mile has been allowed for, to provide against 
contingencies 

115 Pumping mam' — It is a common case that water 
has to be raised by pumping from a river to a reservoir, from 
which it gravitates to the town supplied In that case the 
lift of the pumps H is known, the length of the pumping 
mam l , and the volume Q which must be pumped per second 
In deciding on the diameter of the rising main, it must be 
considered that while the smaller the main the less its cost, on 
the other hand the greater will be the cost of the pumping 
engines and the annual cost of pumping, because the frictional 
head to be overcome will be increased. Usually, for various 
reasons, the velocity in the pumping main is restricted to from 
1^ to 4 feet per second, but within these limits a diameter of 
mam can be found which is the most economical 
Let 

l = length of mam m feet 
Q = volume pumped in cubic feet per second 
d = diameter of mam in feet 
H — total lift from river to reservoir 
h ==■ frictional loss of head m mam 
p = cost per I H P. of pumping engines, including the 
capitalised cost of maintenance and working 
5 = the cost of the mam per foot of diameter and per 
foot of length, including cost of laying 
N = total I.H P. of the pumping engines 
7j = the mechanical efficiency of the engines 
The total cost of the installation of engines and main is 

C = pN i 1 

The frictional loss of head in the mam is 

* = 0 1008-^ 
dr 

Consequently 

H = g Q(H , £”38fa + o loos m 

oaot] f] >■ “ ' 

Inserting this \alue, 

C= I13^(lI + 0 1008-^/) + j«, 
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where d js the onlj variable Differentiating and equating 
to zero, 

_ <“> 

In practice, dj»J Q is from 0 75 to 10 For instance, in the 
Coolgirdie main 

rf/s'Q = 0 78 

116 Suction pipe of pumps — Let b be the height of 
the water barometer or atmospheric pressure in feet of water, 
and h the height from the water-level m the suction well to 
the bucket of the pump h must be less than b in any case, 
or pumping is impossible. Let D be the area of the pump 
bucket and gj the area of the suction pipe, r the radius of the 
crank and n the number of revolutions per minute The 
a\erage speed of the crank pm is u = 27-rn/G0 feet per second 
and the connecting rod being supposed long the ^ elocity of the 
pump bucket is v = u sin a, where a is the crank angle from 
the lower dead point The acceleration of the pump bucket 
at the beginning of its stroke is f— v?jr The corresponding 
acceleration of the water m the suction pipe is 



Let l be the length of suction pipe. The weight of the water 
which must be accelerated is Gwl The pressure acting on 
the water to make it follow the piston is G(6 — h) w and this 
will produce an acceleration 

G(6-A)<u? (i-% 

G u>l “ l 

In order that the water may follow the pump bucket, 

(b~ h)g ~ SI if 

Substituting for u its value above the greatest speed of the 
pump is given by the relation 

■“•“-v/frTrJ < 15 > 

If the speed exceeds this the water will separate from the 
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bucket at the beginning of the stroke and oi crt.ahc it after* 
wards with a shock. This may be pro\cnted by increasing 
the n reft w of the suction pipe, or to a great extent by placing 
an air vessel on the suction pipe near the pump 

117. Water hammer. — When a \al\e in n long water- 
main is rapidly closed, the xelocity of the column of watir 
behind the aaho is retarded and its momentum is de-trouxl 
To change the momentum of the water, a backward fimeimK 
be exerted by the x.ahe on the water, or com Lively a forward 
pressure is exerted by the water on the aalvu and pipe, which, 
if the action is rapid enough, produces a shock termed w iter 
hammer. This action is dangerous, and causes in mam i i*'* 
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inches in diameter, with a i-incb bib-cock afc the end The 
following were the pressures registered when the cock was 
suddenly closed There was a small air chamber near the 
valve, which m one set of tests was filled with air and in 
another with water 


OAvar Pressures n 1 4 inch Pipe 



Air Chamber 

W ater Chamber 

Static pressure, lbs. per eq jn 

2D 

28 

Number of impacts 

8 

9 

Maximum pre&ure 

67 

76 

Minimum pressure 

6 

9 


Consider a column of water in the pipe of unit cross 
section, extending back from the vah o a distance l feet The 
weight of this column is Gl lbs If the initial velocity of 
the water is t, the momentum of the column is Glvjg second 
pounds If p n is the mean pressure per unit area exerted m 
stopping the momentum and t the timo of closing the valve, 

p m t = G lt{g 

The maximum excess pressure exerted is p 0 +p— p\, and if 
the mean pressure is taken to be half this 

(Po+p-pi)'=2Ghy? 

p=2Gh/gt-p 0 +p 1 (16) 

The rate u afc which a pressure wave is transmitted through 
water is about 4500 feet per second- Hence l fit seconds must 
be occupied before the effect of dosing the valve reaches the 
distance l from the valve and a further time Ifu for the 
pressure due to changing momentum at a distance l is trans 
mitted back to the \alve. Hence if the time of closing the 
valve is less than 21 Ju that time must be substituted for t 
in the equation and then 

p = Gvujg -p 0 + Pi (17) 

Putting in the numerical quantities and taking the pressures 
in pounds per square inch and the velocities in feet per second, 
the equations become 




p = 0 027lvjl - p 0 + p v 
p=60v -p Q + Pl 

The first equation is to be used if t is greater than If 2250 
seconds This equation gives p = 0, if 


t = or 


027/y 

> P Q -Pi 


(18), 


which is the condition to be satisfied m closing the \alve if 
there is to be no water hammer The theory involves some 
assumptions, and must be taken only as a general guide 

Some very elaborate experiments on water hammer in 
pipes were made by Joulcowsky at Moscow ( Stoss in J Passer 
leitungsrohren, St Petersburg, 1900) He used pipes 2, 4, 
and 6 inches in diameter, and 2494, 1050, and 1066 feet in 
length The valve was closed in 0 03 second. Ten recording 
gauges placed along the pipes showed that the maximum 
pressures were substantially the same at all points 
The following table gives some of the results — 
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118 The different elementary streams which go to form the 
flow through a pipe have different velocities parallel to the 
axis of the pipe , those near the sides are retarded by what is 
often termed skin friction, and these in turn retard those 
adjacent to them, and so on till the central elementary stream 
is reached, which has the greatest \elocity It has not been 
found possible to construct a rational theory of flow which 
takes account of tins distribution of velocity, except at very 
low velocities. But experiment shows that the resistance to 
flow imohes a loss of energy or head which is proportional 
to the aiea of the surface of the pipe and to some function of 
the mean \clocit) parallel to the axis of the pipe The 
assumption on which the Chez) formula is based is that 


d h_ 
4 l ~ 


( 1 ). 


the resistance \ar)ing directly as the square of the lelocit). 
In a memoir by Fron) in 1804, discussing all the experiments 
then made, that engineer suggested the expression 
d h 


= or + It 2 


( 2 ), 


in wlucb, for metric measures 

0-00001 73, 1= 0*000343, 
and for English mia«un«, 

<i = 0 0000173, 0 000101, 

corn. “ponding to £== 00713 at 3 fixt ptr second. Thu 
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binomial expression is exceedingly inconvenient for calculation 
It meets the condition that at low xolocitics the resistance 
tunes as the velocity, and that at high xelocities it xnnes 
nearly as the square of the velocity, but it makes the transition 
gradual, whereas it is now known to be abrupt 

119 Kutter’s formula for pipes — Messrs. Ganguillet 
and Kutter, in a laborious investigation on the results of the 
gauging of streams, armed at tho following complicated 
empirical formula Let n be a coefficient of roughness dt 
pending on the character of the surface of tho pipe, and m its 
hydraulic mean radius, * tho xirtiml slope, and t the mean 
xelocity, then, for English measures, 


1 811 00281 






There is no good reason for thinking that this formula is 
specially accurate for flow m pipes. Indeed, it is known not 
to nccord with experiment for small a allies of t or for small 
diameters of pipe But it has been adopted b) some t ngintt r* 
and therefore requires to be mentioned I he usuil a nine of n 
assumed for dean pipes is 0 013 If in tho term 0 002Sl/i 
which is usual!) rclati'oly small, i is taken ns 0 001, and n 
is taken at 0 0J3, the formula reduces to tho simpler form 


181 72 
O 1773 


.'M, 


vn 


or, to put it in 
equal K ns 


form c< uijvanldc with the mon u*«al 
(3i) 


("'yr , 


-j 


w] t! < Gr* t« rm i n tin 1 ft re rr« q* ndi to C in tl e t! t r y 

( *a mix 
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d— Kuttcr a value of 


Inches, 

Feet. 

r 

3 

25 

0200 

6 

6 

0132 

12 

1 0 

0089 

24 

20 

0063 

36 

3 0 

0053 

48 

4 O 

0047 


120 Defects of the Chezy formula 1 — Tho Chezj 
formula is extremely convenient, but mvohes, if reasonable 
accuracy is lequired, the selection of the coefficient f amongst 
a wide range of values The variation of f depends on the 
following conditions — 

(1) In the case of most pipes the loss of head h does not 
increase so fast as tho square of the velocity v Consequently 
£ must have values which decrease as the velocity is greater 

For instance, in a glass pipe on which Dare} experimented, 
£ changed from 0 010 for a velocity of half a foot per second, 
to 0 0062 for a velocity of 7 feet per second a decrease of 
38 per cent In a new cast-iron pipe f decreased from 0 0114 
at half a foot per second to 0 0064 at 10 feet per second or 
a decrease of 50 per cent 

(2) Darcy showed that f decreases as the size of the pipe 
is larger Thus taking Darcy s experiments on new cast 
iron pipes — 


Velocities 

Values of f for D ameters of 

Feet per Second 

0 27 feet 

0 45 feet 

0 62 feet 

06 

0114 

0073 

0059 

10 0 

0064 

0049 

0054 


The results are not quite consistent but they show a 
considerable decrease m f as d increases 

(3) The value of f changes with the condition of the 
inside of the pipe lor asphalted, new, and corroded pipes 
the values of £ were proportional to 1, l| and 3 in some of 
Darcy’s experiments 

3 The discussion given here in abbreviated form was published by the 
author in Jjidastrus in 1886 
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(4) The experiments of Mr Mair, agreeing with the 
author’s own experiments on discs, show that the resistance 
decreases as the temperature increases Thus, for a clean 
brass pipe, 1^- inches diameter, Mr Mair obtained the follow- 
ing xalues — 


At X elocities in 
Feet per Second of 

X slues of f for Tem j eratures of 

56* 

DO* 

160’ 

61 

0047 

0042 

0035 

4I 

0052 

0044 

0038 






Alterations of at least 25 per cent for 100° I' 

A coefficient which has four independent causes of xanx- 
tion, all of them so large, is not xery useful for practical 
purposes To get o\ er the difficulty, a formula must be found 
with more than one constant demed from experiment, and 
which expresses more nearly the true law of resistance 

It is man) )ears since M BarrtS de St Vcnant proposed 
a formula with two arbitrary constants Tins is of the form 


d h 
4 l~ 


(*). 


where m and n are constants demed from tiie experiments 
U de St Vcnant deduced the \a lucsit = \r and rn = 0 000205 5 

i 

for metric and 0 00012C5 for English measures When this 
is written in logarithmic form, 

log m + n log r - log ^ ^ 


<»> 


wc hn\e, ns St Vcnant pointed out the equation to a straight 
line, of which in is the ordunto nt the origin and n the ntm 
of the plo|v' Hence, if the logarithms of n paries of i*I* n 
imnt il a slues of h and r are plotted the dctermin itxon of the 
constants is reduced to finding tin ptrnght line which nio«- 
neirl) jn«s<*s through the plotted J omts 

In n remarl aid m rnoir on the infhn nc of t* mp* riture 
on tli movitn nt of wnt« r in pip^s 1) linden (I*- rim lb "0 
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another modification 

this 13 


of the St Venant formula was given, 


h _ mv n 

~r!F 


( 6 ) 


This involves three coefficients, derived from experiment In 
the experiments examined by Hagen, he found 


so that 


n= 1 75, z=l 25, 



(6a), 


in which m was nearly independent of variations both of 
v and of d But the range of aalues of d examined was 
small 

It is obvious that this form of the equation of flow is 
very advantageous, even regarded as an empirical formula, 
for the three constants, n, x, and m, can be taken so as 
separately to allow for the three principal causes of \anation 
of resistance the variation of velocity, of diameter, and of 
roughness of surface 

In a very interesting paper in the Transactions of the 
Jtoyal Society, 1883, Professor Bejnolds has made clearer the 
causes of the change in the character of the motion of water, 
from the regular streamline motion at low >elocities to the 
eddying motion which occurs in almost all the cases with 
which the engineer has to deal 1 urthcr parti} bj reasoning, 
partly by induction from the form of the curies of experi- 
ments when plotted, he has suggested the general equation 
, d 3 h / <h\ n 

a f r(M 

as applicable both to the case of undisturbed motion and of 
eddying motion The constant n baaing the \alue 1 for low 
\elocities and undisturbed motion and a \alue ranging from 
1 7 to 2 for greater a elocitics Professor Kc\nolds’s formula 
reduces to the form 


where P is a function of the temperature. Neglectin' 
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variations of temperature, Professor Reynolds’s formula is 
identical, for velocities not very small, with Hagen’s formula, 
with the exception only that in Reynolds’s formula the indices 
of d and of v are related, so that there are only two mdepen 
dent constants instead of three For the purpose of obtaining 
the coefficients from experiment, Hagen’s formula is the more 
convenient 

121 The experimental data available — The earliest 
experiments on flow in pipes were made by Couplet m 1732, 
and since that tune a considerable number of experiments 
have been made In selecting from these it must be borne 
in mind that it is extremely desirable to exclude from in 
vestigation any experiments that are really untrustworthy 
No good result can be got by av eraging accurate and erroneous 
results On the other hand, it would be absolutely wrong 
in principle to exclude results from examination merely 
because they did not appear to fife in well with some empirical 
law 

All experiments may be at once excluded m which the 
means of measuring the loss of the head or the quantity 
discharged were unsatisfactory All experiments may also 
be excluded in which the condition of the surface of the pipe 
was not noted With these exclusions, the number of experi- 
ments remaining to be examined is greatly reduced 

Of these experiments, by far the most complete and 
valuable is the series of experiments on 17 pipes by Henry 
Darcy The care and insight with which these experiments 
were made, and the skilful variation of the conditions of the 
experiment, are worthy of the highest praise Of all the 
conditions to be noted in experimenting, there is only one 
the importance of winch did not occur to Darcy In many 
cases he neglected to observe the temperature of the water 

There is, howe\cr, one anomaly in Darcy’s experiments 
which cannot now be fully explained and the nature of which 
can perhaps best be 6een in the plottings of some of his 
results. Darcy measured the loss of head in two successive 
SO -met re lengths of his pipes, Now, in almost all cases Ins 
results show a rather greater loss in the second 50 metre 
length than in the first, and this is really not intelligible 
On tlio whole, the author is inclined to think that the 
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measurement* in the first 50 metre length nre more reliable 
than those in the second and on!) the measurements of 
head Io«t tn the fir^t 50 -metre length nre u*cd in these 

reductions 

I rom Darcy's experiments lmc been taken the results 
on new, cleaned, and intrusted cast-iron pipes, those on 
wrought -iron gas -pipe*, and those on lead pipes. Tlicso 
pipes ranged in diameter from 0 0122 to 0 5 metre, or as 
40 to 1 Por each pipe the experiments began with a vciy 
small lo^s of head, often onl) 0 02 metre m 50 metres. The 
author has excluded the observations in which the loss of head 
was less than 0 1 metre parti) because some of the experi- 
ments with these aery small heads correspond to conditions 
of undisturbed motion for which the law is different and 
partly because the errors in observing ver) small heads are 
likely to be relatival) large Up to C metres of head the 
heights were measured b) a water column, and beyoud that 
by a raercur) column. Now, as the observations with the 
water gauge gi\c ample range of aclocities for the purpose 
in hand, and os the observations with the mercury gauge at 
high velocities were, as Dare) meutions, carried out with 
great difficult), the former onl) have been u«ed in these 
reductions With a loss of head var)ing from 0 1 metre to 
G metres, the velocities ranged in different cases from 0 1 
metre per second to 5 metres per second a very amplo range 
for examination. 

Of other experiments available, the early (1771) experi- 
ments of Bossut on the flow in tin pipes seem very trust 
worthy, and give values of the constants for a ver) clean 
and smooth surface. These extend over a considerable range 
of velocity 

Dr Lampe’s experiments on the Djntzjg mam are ex- 
tremely useful, from the care with which they were earned 
out, and the fact that they are on a large scale 

Of other experiments tho most valuable are the American 
data collected m Mr Hamilton Smith s Hydraulics Of these, 
there is a very valuable experiment by Mr Stearns on a cast- 
iron asphalted pipe, metres m diameter Mr Hamilton 
Smith’s own experiments are also very useful as filling up 
and extending the series of results from other sources. This 
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variations of temperature, Professor Rejnolds’s formula is 
identical for velocities not xer} small, with Hagen’s formula, 
with the exception only that m jRejnolds’s formula the indices 
of d and of v are related, so that there are onl} two indepen 
dent constants instead of three, Dor the purpose of obtaining 
the coefficients from experiment, Hagen’s formula is the more 
convenient 

121 The experimental data available — The earliest 
experiments on flow in pipes were made by Couplet m 1732, 
and since that time a considerable number of experiments 
ha\e been made In selecting from these it must be borne 
in mind that it is extremelj desirable to exclude from in 
xestigation any experiments that are really untrustworth) 
Ho good lesult can be got by averaging accurate and erroneous 
results On the other hand, it would bo absolutely wrong 
in principle to exclude results from examination mere)} 
because they did not appear to fit in well w ith some empirical 
law 


All experiments maj bo at once excluded in which tho 
means of measuring the loss of the head or tho quantit} 
discharged were unsatisfactory All experiments nifty nho 
be excluded in w Inch tho condition of the surface of tho pij>o 
was not noted With these exclusions, the number of experi- 
ments remaining to be examined is greatl} reduced 

Of these experiments b} fir the most complete and 
nluable is the scries of experiments on 3 7 pipes by Henri 
Darcy The ciro and insight with which these experiments 
were unde and the skilful \nrmtion of the conditions of the 
experiment nro worth} of tho highest praise Of nil the 
conditions to be noted in experimenting there is onl} one 
the import ukc of winch did not occur to Dirty In man} 
cases he mglectid to ob«cnc the temperature of the w iter 
There is howeicr one nnonml) in Direa's exj*enimuts 
which cannot now !>e full} explained and the nitun of which 
cm jxrhaps l>est l>c Fieri in the plottings of forno cf hil 
results. Dircy im nund the h«s of head in two 
50 metre booths of hi s pif*-* Hon, in alnirst all c* 1 * n l'*' 
results j-how n rather gn iter Jos* hi tin r» > c«md fOnntrr 
1 rigth thin hi tin Hr^t nm! this is mil} m t inNlhgdl 
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measurements in. the first 50 metre length are more reliable 
than those in the second, and only the measurements of 
head lost m the first 50 -metre length are used in these 
reductions 

From Darcy’s experiments have been taken the results 
on new, cleaned, and incrusted cast-iron pipes, those on 
wrought-iron gas-pipes, and those on lead pipes These 
pipes ranged in diameter from 00122 to 05 metre, or as 
40 to 1 For each pipe the experiments began with a very 
small loss of head, often only 0 02 metre in 50 metres The 
author has excluded the observations in which the loss of head 
was less than 0 1 metre, partly because some of the experi- 
ments with these very small heads correspond to conditions 
of undisturbed motion, for which the law is different, and 
partly because the errors in observing very small heads are 
likely to be relatively large Up to 6 metres of head the 
heights were measured by a water column, and beyond that 
by a mercury column Now, as the observations with the 
water gauge give ample range of velocities foi the purpose 
in hand, and as the observations with the mercury gauge at 
high velocities were, as Darcy mentions earned out with 
great difficulty, the former only have been used in these 
reductions With a loss of head varying from 0 1 metre to 
G metres, the velocities ranged in different cases from 0 1 
metre per second to 5 metres per second, a very ample range 
for examination 

Of other experiments available, the early (1771) experi- 
ments of Bossut on the flow in tin pipes seem very trust- 
worthy, and give values of the constants for a ver) clean 
and smooth surface. These extend over a considerable range 
of velocit) 

Dr Lampe’s experiments on the Dantzig mam arc ex- 
tremely useful, from the care with which the) were earned 
out, and the fact that they are on a large scale 

Of other experiments, the most valuablo are the American 
data collected in Mr Ilamilton Smith’s Hydraulics Of these, 
there is a ver) valuable experiment b) Mr Stearns on a cast- 
iron asphalted pipe, 1^ metres in diameter Mr Hamilton 
Smith’s own experiments are also vir) useful, os filling up 
and extending the series of results from other sources. This 
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makes the range of diameters of new pipes, on which expen 
ments are available, to extend from 0 26 G metre to 1219 
metres 

Then there are some experiments on small wrought iron 
gas pipes, which arc useful for comparison with Darcj's, and 
some experiments on large wrought iron meted water-mams 
122 Method of dealing with the experimental data. — 
The greater part of the experimental lesults are found origin 
ally in metric measures Hence it was convenient to plot the 
results in metric measures, and to obtain constants for a 
formula in metnc measures These constants were finnllv 
converted to English measures 

Taking Hagen’s foimula (6), and writing it logarithmic- 
ally/ 

log h = n log V + log Jr" + log ~ (8)i 

in which for anj given pipe the second and third terms on the 
right are constants This is an equation to a straight line 
having log {(ml)/(2gd r )} for the ordinate at the origin, and a 
slope of n to 1. For all the experimental data, arranged 
in groups according to the type of pipe, values of log A were 
plotted as abscissa and values of log v as ordinates, h ami t 
being taken m metric units One of these plottings is given 
on n reduced scale in Tig 104 The values of n correspond 
mg to the average slope of tho lines nro given m the following 
table 1 — 

1 lor each of tho Dare} j ij«ca two linen nro j lotted, the full liB* correspeD ^ 
jn£ to ohseri&tions in the first, and tl c dotted to tl one In the seconl »<0 metre 
length 


(Tame. 
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Clean Tinplate Pipes 


BOSSUT 

Diam =0 03 60S 
1=0 6557 
n=l 72 
<=50* P 

m. 

BossCT 

Diam s= 05441 m 

£=» 412 
n = I 72 

1=67* F 

» 

Obterv 

Calc. 

V 

Observ 

Calc. 

3401 

2700 

2616 

4435 

2650 

2594 

3807 

3220 

3174 

4956 

3140 

3139 

4364 

3980 

4015 

5608 

3855 

3884 

5X14 

5380 

5273 

6431 

5005 

4916 

5126 

'5210 

529 

6692 

526 

5269 

5694 

6410 

634 

7439 

623 

631 

6324 

7540 

760 

7912 

710 | 

■702 

6498 

7915 

796 

8366 

764 

773 

7598 

10345 

1 042 

9685 

987 

994 ) 

8978 

1 3470 

1 389 

1 091 

1 194 J 

1222 J 

9333 

1494 

1484 

1 164 

2 398 | 

1365 ; 

1 314 

2 649 

2 672 

1 595 1 

2 324 

2 345 j 


RrrETED Wrought Iron 


Hamilton Smith 

Diain. =0 2776 m. 

J=0 0322 
« = 1 87 
<=55° F 

Hamilton Smith 

Diam =0 3219 m 

J-=0 0701 

m = 1 87 
<=55* F 

1 



V 




Obsorv 

Calc 


Obserr 

Calc 

1 430 

425 

413 

1 401 

334 

337 

1858 

667 

667 

2 121 

714 

732 

2111 

847 

848 

2 635 

1 109 

1 098 

2 639 

1279 

1 287 

3 262 

I 659 

1 638 

3 054 

1 654 

1 691 
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Riveted Wrought Iron — Continued 


IIamiltov Smith. 

Diam. =0*3749 to. 

~-0 549 

n =1 '87 

4=65* P. 

IIamjlto 

Diam.=0 6566 m. 

^ = 00260 
«=1*87 
t r 

SMrrn. 

Di&m.= 0*4316 m. 

£ = 0-0440 
d‘ 

n = l 87 
t T 

V 

1-33G 

2084 

2 229 

2 C79 

3 228 
3 084 

Obsenr. 

•251 

•549 

013 

*823 

1235 

1C1G 

Calc. 

•241 

•553 

•027 

•R24 

1254 

1005 

V 

3841 

A 

Observ. i Calc. 
*821 821 

r 

0*139 

A 

Observ. Calc. 

3 330 3 33G 
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Clean Tinplate Pipes 


Bossut 

Diaro =0 03608 m 

1=0 6557 
d x 

n=1 72 
<=50* F 

Bossut 

Diam = 05441 m 

2*0 412 
a* 

n=l 72 

1 = 67* F 

V 

* 





Observ 

Cole 


Observ 

Calc 

3401 

2700 

2615 

4435 

2650 

2594 

3807 

3220 

3174 

4956 

3140 

3139 

4364 

3980 

4015 

5608 

3855 

3884 

5114 

5380 

5273 

6431 

5005 

4916 

5126 

5210 

529 

6693 

526 

5269 

5694 

6410 

634 

7439 

623 

631 

6324 

7540 

760 

7913 

710 

702 

6498 

7915 

796 

8366 

764 

773 

7598 

10345 

1 042 

9685 

987 

994 

8978 

1 3470 

1 389 

1 091 

1 194 

1222 

9333 

1 494 

1 484 

1 164 

1398 

1365 

1 314 

2 649 

2 672 

1 595 

2 324 

2 346 


Riveted Wrought Ieoh 


Hamilton Smith 

Diam. = 0 2776 m 
j t =0 0323 
it— 1 87 
*=55* F 

Hamilton Smith 

Diam =0 3219 m 

0 0704 

7i = l 87 
*=55' F 




v 




Observ 

Calc 


Observ 

Calc 

1 436 

4 25 

413 

1 401 

334 

337 

1868 

667 

667 

2121 

714 

732 

2111 

847 

848 

2 635 

1 109 

1-098 

2 039 

1279 

1287 

3 262 

1 659 

1 638 

3 054 

1 654 

1691 
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Cleaned Cast Iron 


Darcy 

D urn. =00501 in 
g=0 3912 
n=20 

t probably 45* F 

Darct 

Duo.— 0"2U7 m. 

~ = 010S2 

n=2 0 

t probably 60' F 

Darct 

Diam.=0"297 m. 

-=0-0770 

n=2-0 
f=70* F 

. 

* 

V 



V 

* 


Ob*. 

Calc. 


Ob*. 

Calc. 


Ob*. 

Calc. 

385 

148 

148 

•949 

245 

248 

823 

125 

133 

C14 

370 

37C 

1 420 

505 

550 

1 155 

255 

202 

024 

375 

389 

1 904 

1 000 

1 000 

1 G52 

535 

530 

804 

705 

745 

2 20C 

1 350 

1 343 

2 390 

1 170 

1 122 

1 248 

1 51 

1 653 

2 572 

1 840 

1 826 

2 799 

1 570 

1 539 

1 620 

2 30 

2 324 

4 497 

6 505 

6 581 

3 100 

2-022 

1 902 


Ikcrcsted Cast Iron 


Dura 

Darct 
= 0 359 m. 

= 18151 

= 20 
= 45* F 

Darct 

Diam =00795 m. 
£=00*98 

n = 20 

t probably 45* F 

Darct 

DU*n. = C2l32 cl 
£=0 1673 
* = 20 

t pro’>ably 6S* F 

V 



„ 



r 




Ob* 

Calc 


01*. 

Calc. 


Oba. 

Calc. 

30 

•081 

•078 

251 

Ill 

Ill 

452 

•098 

•098 

53 

300 

29G 

440 

355 

350 

707 

£35 

•239 

*»A 


032. 

■GW 




bCb 

Wt 

>1 

1 406 

1 40fl 

*931 

1 535 

1 524 

1 547 

1 130 

1 142 

13 

1 

1 855 

1 142 

2 2C5 

2 294 

1 533 

1 5*0 

1-C04 







2073 

£-029 

£050 


for , — The corrrction 

l»rr*ent known. No 

peratnrev with 
t’ * nWice cf 

V. All th- 

•cconlin'e 
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New Cast Irov Pipes (Ui^coated) — Continued 


Darct 

Diaia. =0 188 a 

~=0 1192 

n- 1 95 

t probably 70® F 

Darct 

Diam = 0 50 m 

J=0 0382 
n = l 95 

t probablj 70® F 

V 



V 




Observ 

Calc 


Observ 

Calc 

497 

090 

•078 

0 7932 

0 120 

124 

758 

180 

177 

7951 

125 

125 

1 128 

385 

384 

10412 

210 

211 

1 488 

640 

660 

1 1135 

230 

240 

1 933 

1 090 

1 098 

1 1197 

200 

243 

2 506 

1855 

1 822 

1 1278 

250 

247 

4 323 

6 276 

5 274 
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tint nil the other result 1 ? gnc values of x lying between 
1 10 nnd 121 phowa a very satisfactory constancy m tho 
coefficient. 

According to Professor Peynolds’s formula, the head lost 
should vary as 

r 

<r * 

That is, x should have the value 3 — n. The following table 
shows how far this reduction of the most trustworthy experi- 
ments confirms this law — v 


Kin 1 of |*i pe 

■ 

3 - n x 

Tinplate 

V rought iron (Smith) 

Asphalted pipes 

Riveted wrought iron 
hew cast iron 

Cleaned cast iron 

Inerusted cast iron 

1 72 

1 75 

1 85 

1 87 

1 95 

2 00 

2 00 

I 28 1 1 100 

125 1210 

1 16 1 127 

113 1390 

1 05 1 1C8 

1 00 1 1G8 

1 00 1 ICO 


It will bo Ecen that there is no great discrepancy between 
the values of x and 3 — n but there is no appearance of 
relation in the two quantities For the present at least 
it must be assumed that the value of x is independent of 
the value of n 

125 Values of the coefficient m — It is now possible 
to determine the values of the coefficient m from the different 
senes of experiments using the values of d‘ calculated from 
the values of x now assigned It will be a general check 
on the whole of the preceding reductions if the values of m 
for each particular kind of pipe prove to be nearly constant 
Hence the values of m for each of the twenty eight series 
of experiments which have been discussed are here given 
They are placed generally in the order of the index n and 
each set of pipes of one general character is placed m the 
order of the diameters 
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with Mr Hair’s results Vanatiou of temperature in the 
different experiments examined ranges from 38° F to 75° F 
Jn most of the experiments the temperature was between 50° 
and 70° For 10° difference from 60°, the temperature 
correction is under 3 per cent, go that it does not make a 
great difference whether the temperature correction is applied 
or not In some of Darcy’s experiments the temperatures 
are not given, but they can he inferred with some degree of 
approximation from the dates given 

124 Variation of resistance with the diameter of the 
pipe — From the values of mjd z which have been obtained, the 
value of x, the index of the diameter in the expression for 
the head lost in the pipe, can be found If m and x for any 
given kind of pipe are strictly constant, and if we plot 
logarithmic values of d as ordinates and mjd 1 as absciss^, 
then the points found should he on a straight line the slope 
of which is the required value of x Broadly speaking the 
points corresponding to each set of experiments fell pretty 
closely on a straight line, those for the pipes with rougher 
surfaces lying higher than those for the pipes with smoother 
surfaces It is not Surprising that the lines are more irregular 
than those previously plotted, for this reason The points 
m these lines correspond, not to a senes of experiments on 
one pipe, but to different series of experiments on different 
pipes Small differences of roughness in these pipes would 
quite account for such discrepancies as were found 

On examining the lines, it was found that in all cases 
the slope is greater than 1 to 1, so that the index x of »» 
m the formula of loss of head must bo greater than unit), 
a result in accordance with Darcy’s deductions from h* 3 
experiments The slope is lowest (110 to 1) for the tm 
plate pipes of Bossut which were very smooth and in whic »> 
probably, the joints did not affect the flow so much as «> 
other pipes Generally, the slope does not exceed 1 2 to 1 » 
but there aro one or two exceptions. 

The meted wrought iron pipes of Ilnmilton Smith give 
ft slope of 139 to 1, which waj possibl) ho duo to tlm 
ihfilrent relative effect of tho obstruction of the mct-hcada 
and joints in pipes or different diameters of this kind 
Butting usido exceptional ™lues of the index x, tho lC 
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tint nil the other result* gne values of x lying between 
110 And 121 shows n very satisfactory constancy in tho 
coofhcicnt. 

According to Professor Beynolds’s formula, the head lost 
should vary as 

r" 

<f • 

That is, x should ha\e the saluc 3 — n. The following table 
shows how far this reduction of the most trustworthy experi- 
ments confirms this law — v 


Kin \ of r»pp 

■ 

3 - n 

- 

Tinplate 

1 “2 

1 28 

1 100 

\\ rought iron (Smith) 

I 75 

I 25 

I 210 

Asphalted pipes 

1 85 

1 15 

1 127 

Riveted wrought iron 

I 87 

1 13 

1 390 

hew C3it iron 

1 95 

1 05 

1 108 

Cleaned cast iron 

2 00 

1 00 

1 108 

Incrusted cast iron 

2 00 

1 00 

1 100 


It will bo seen that there is no great discrepancy between 
tho values of x and 3 — n but there is no appearance of 
relation m the two quantities For the present at least 
it must be assumed that the salue of x is independent of 
the value of n 

125 Values of the coefficient m — It is now possible 
to determine the values of the coefficient m from the different 
senes of experiments using the values of d*, calculated from 
the values of x now assigned It will be a general check 
on the whole of the preceding reductions if the values of m 
for each particular kind of pipe prove to be nearly constant 
Hence the values of m for each of the twenty eight series 
of expenments which ha\e been discussed are here given 
They are placed generally in the order of the index n and 
each set of pipes of one general character is placed in the 
order of the diameters. 
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Valoe 





Value of 



** 

n 


Tinplate 

0 036 

0 054 

01697 

•01676 

} 01C8G 

Bo^ut 

Wrought iron 

0 016 

01302 

| 01310 






Asphalted pipes 

0 027 

01749 


Hamilton Smith. 


0 306 

02058 


Bonn, W W 


0 306 

02107 

01831 

Bonn, W W 


0 419 

01650 

Lampc 


1 219 

01317 


Stearns. 


1 219 

02107 


Gale. 

Itiaetod wTought iron 

0 278 

01370 




0 322 

01440 


Hamilton Smith 


0 375 

•01390 

01403 


0 432 

01368 




0 657 

01448 



New east iron 

0 082 

01725 




0 137 

0 188 

01427 

01734 

01658 

Darcy 


0 500 

01745 



Cleaned cast iron 

0 080 

-01979 




0 245 

■02081 | 

• 01904 

Dare) 


0 297 

01913 ! 



Incruated cast iron 

0 036 

03093 1 




0-080 

03530 

03643 

Darcy 


0 243 

•0370G | 


. 


ll ere, considering tho gnat range or diameters an 
\docities in the experiment 1 ', the constancy of ta is '<*r? 
Fitisfactonlj close. The asphalted pipes gi'e rather sarii " 
\nlms, but, ns pome of these were new and pome oh. ^ 
sanation is, perhaps, not surprising Tho inenisted I ll I v * 
gne a salue of m quite double that for new pijx-s, but tn 
is perfi'ctl) consistent with what is known of fluid fric-ioo 
in othi r cws. ^ . 

120 General mean values of constants — The gr- 

formula 

A n t* (JO) 

/ d' 1*7 * 

will 1^ fum 1 to Bgrr«* With lh** rrults with c< ' jt 
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closeness, if the following naa. ruins of tar* 
are taken, the unit being a 0*122 r- — 


Kind of Pipe. 

! ’ 


- 

Tinplate . 

1 -dt#) 

I III 

Hi 

Wrought iron . 

-imi 

1 21 

rrt 

Asphalted iron . 

C17 

I 1 27 

r-u 

Riveted wrought iron . 

1 -nun 

HOT 

t*7 

New cast non . 


i lira 

147 \ 

Cleaned cast iron 

j -drid 

: is# 


Incrusted cast iron 

, 1W 

I IOT 

14 1 




The variation of each di tfitw c-viTJcientH M ^ 

comparatively narrow range, «£ zap, +W\n n rt r {Tne- pr^r 
coefficient for any given ca% pwvt* no difficulty; '&*> 
character of the Burface of the pig* & kncwn J 

It only remama to giro t'anhw, ftwe e.vl'.cw-lt 
when the quantities are ex;rwei in Bn,!, ah f.,* y 6 » 

English measures the foil m th „ “ ( ,/ 

coefficients : — 


Kind of Pipe 

• 

s 

* 

Tinplate . 

f&fy 

1 14 

I 21 
i nr 


Wrought iron 

' 


Asphalted iron . 

r *A&1 


Rneted wrought iron 



New cast iron • 


1 

137 

Cleaned cast iron 



19* 

Inertutcd cast iron 

7U4 

1 l^A 

24 

24 


If formula (10) is put in tl> / ^ 


»nt- * t * f 

^ 5 }'<< 

it is seen that the coefficient { # 

deduced from these results by up * ^ * ^ 1 ‘ 5? 7 !*•* ^ 


(- 




Values of £ thus obtained lur* j,*- ^ ^ , 

§91. Using these valum j. / H C-*p4»r 
results nre nearly os accurate c , f, ' ^ ^ 

“ ’At, 
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127 Distribution of velocity iu the cross section of a 
pips — The mean velocity of translation along a pipe is 
necessarily 

<w = Q /(I***) 

Strictly, in consequence of the turbulence of the motion, the 
velocity and direction of motion vary from moment to moment 
at every point of the cross section But at each point the 
variations are temporary fluctuations about a fixed mean value 
The mean direction must be parallel to the axis of the pipe, 
and at each point there must be a constant mean velocity m 
that direction Observation shows that these mean velocities 
at different points are greater near the centre of the cross 
section and less towards its boundary Messrs Williams, 
Hubbel, and Fenkel found the mean velocity v n of the whole 
cross section to be 0 84 of the central mean -velocity, and the 
mean velocity near the boundary to be 0 5 of the central mean 
velocity At a radius 0 75 of the radius of the pipe the 
velocity was equal to the mean velocity v m of the whole cross 
section 

The most exact research on the distribution of velocity in 
pipes is one made by Bazin on a cement pipe 0 8 metro 
diameter and 80 metres long ("Experiences nouvelles, 
Mim de VAcadimie des Sciences, xxxn, 1897) Let R ho 
the radius of the pipe, and r the radius at which the velocity is 
observed , let V bo the maximum velocity at the centre, v the 
velocity at radius r, and v m the mean velocity for tho whole 
cross section Bazin obtained the following results — 


It 

t 

V-t> 

0 

1 1G75 

0 

0 125 

1 1C05 

0070 

0 250 

1 1475 

0200 

0 375 

1 1258 

0417 

0 500 

1 0923 

0752 

0G25 

1 0473 

1202 

0 750 

1 OOOS 

1CG7 

0 876 

0 9220 

2455 

0 037 

0 84G5 

3210 

1 000 

0 7116 

42CO 
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Let i be the virtual slope of the pipe Then 

where k vanes from 33 to 42, and is on the average 38 At 
the sides, where r = R, the velocity is to = V — 38,/(Ri) 
The mean velocity of the whole cross section is 

t m = Y-4 64 ^(Rt) 

On the average V/v m = 1 24 , r CT /V = 08, w[v m = 0 64, and 
wjV = 0 51 At radius 0 74 R the velocity is equal to i m 



Fig 105 


Tig 105 shows the velocities at different radu found by 
Bazin 

128 Influence of temperature on the resistance in 
pipes — In the experiments on discs § 82, it appeared that 
the frictional resistance diminished as the temperature 
increased. Froudc found a similar result for boards towed 
in water Some experiments on flow of water at different 
temperatures m a brass pipe 11 inch diameter and 2 r > feet 
long were made bj Mr J G Mair (Pror Inst o/ Ctnl 
Fngxnttrs, Ixxxiv ) The head at inlet was taken at 12 inches 
from tho end of the pipe to exclude loss at entry The results 
agree extremely clo^el} with the equation 

An r *- 1 

7 e i/‘ 


The values of n were as follows — 
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Temperature F, 

n 

57“ 

0 0178 

70 

169 

80 

166 

90 

161 

100 

157 

110 

151 

120 

147 

130 

145 

160 

133 


The resistance is therefore 25 per cent less at 160° than at 
57°. The resistance varies directly as m, and m is given very 
closely by the empirical relation 

m = 0 02(1 -0 002150 



CHAPTER XI 


FLOW OF COMPRESSIPLE FLUIDS IN PirES 

129 Notation. — Let 

P = absolute pressure in lb3 per 6quaro foot 
T = absolute temperature F.° 

G = weight of one cubic foot of fluid m lbs. 

V = volume of one pound of fluid in cubic feet 
u, v, = velocities in feet per second. 

W = weight of fluid per second in lbs. 

H = area of cross section of pipe in square feet 
d = diameter of pipe in feet. 

L, l, ~ length of pipe m feet 
R = constant in gaseous equation 
When air flows along a pipe there is necessarily a fall of 
pressure due to the resistance of the pipe, and consequently 
the volume and velocity of the air increase going along the 
pipe in the direction of motion. The effect of the resistance 
is to create eddying motions which, as they subside, give back 
to the air the heat equivalent of the work expended in pro- 
ducing them. The result is that, apart from conduction 
through the walls of the pipe, the flow is isothermal 1 

130 Flow jn pipes under small differences of 
pressure — In a large number of cases the pressure in a fluid 
is one atmosphere or more but the difference of pressure 
causing flow is only a few inches of water This is the case 
in the distribution of lighting gas and in some cases of 
compressed air transmission Let P,, P 2 be the absolute 

1 This was pointed oat by the author in a discussion on Pneumatic 
Transmission in 1875 (Proc, Inst C E xlui ) The formula for air flow in 
this chapter was first given by the anthor in 1875 in a paper on the “Motion of 
Light Carriers in Pneumatic Tubes in the same volume 
221 
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pressures at the inlet and outlet of a pipe Then when 
1*2 1S compared with Pj, the variation of density 

during flow may he neglected without great error and the 
hydraulic formulae are applicable 

Let d be the diameter, l the length of the pipe in feet, v 
the velocity, P l — P 2 the pressure difference causing flow m 
lbs per square foot, and h the same pressure difference in feet 
of the fluid itself If G is the weight of the fluid m lbs per 
cubic foot, Pj - P 2 « G h Then, as in § 85, 


2? i 




to 


If T is the absolute temperature F , then, by the gaseous 
equation § 72, 

G = P i /(RT) 

If h w is the pressure difference measured in inches of 
water, then 

Pi - P 2 = (62 4A W )/1 2 = 5 2h u 

Example — Air initially at one atmosphere and 60*F (521* absolute) 
{lows through a 12 inch pipe one mile long under a pressure difference of 
10 inches of water G = 2116 3/(53 2 x 521) = 0 0764 lbs per cubic foot 
Pj - P 2 = 5 2 x 10 *= 52 lbs per square foot The value of f may be taken 
at 0 004 Then 

The discharge is 0 7854 x 32 77 = 17 88 cubic feet per second, or 17 88 
x 0 07G4 = 1 367 lbs. of air per second. 

131 Flow of lighting gas in mains — Lighting gas is 
distributed in cast-iron mams under pressure differences of 
about 2 inches of water column per mile of main, or 2 X 5 2 
= 10 4 lbs. per square foot The velocity is generally not 
more than about 15 feet per second In such conditions 
the hydraulic formula! arc applicable with very little error 

Pressures in gas mains are usually measured by water 



XI FLOW OF COMPRESSIBLE FLUIDS IN PIPES 223 

siphon gauges open to the atmosphere They indicate there- 
fore the excess of pressure in the main over atmospheric pres- 
sure If h w is the gauge pressure in inches of water, and the 
atmospheric pressure is 34 feet of water, then the absolute 
pressure in the main is 34 + -j^ w feet of water, or 62 4 (34 
+ iVho) =21214-5 2h w lbs per square foot 

Head lost in a horizontal mam — Let Fig 106 represent 
a length l of horizontal main through which gas of density s 
(air *= 1) is flowing The difference — y 2 of the water 
columns in the siphon gauges is the head lost m the length l 



Lot G«., G 0 G tf ho the weights m lbs. per cubic foot of water, 
air, and gas respectively Then G, sG«, where for ordinary 
conditions of pressure and temperature G a = 0 08 nearly, and 
G„. = G2 4 Then if y lt y t are measured m inches of water, 
the height of a column of gas equivalent to y, — y s is 

= y = f «' <!). 

and this introduced in the hydraulic equations (1) will give 
the velocity of flow and discharge. 

Head lost in an inclined gas main — In a falling main 
(fig 107) the atmospheric pressure is greater at 15 than at A 
ly the amount G 4 (r, — r t ) lbs. per square foot, or 
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pressures at the inlet and outlet of a pipe Then when 
I*i “^2 ls sma ^ compared with P lt the variation of density 
during flow may be neglected without great error and the 
hydraulic formulae are applicable 

Let d be the diameter, l the length of the pipe in feet, v 
the velocity, Pj — P 2 the pressure difference causing flow in 
lbs per square foot, and h the same pressure difference in feet 
of the fluid itself If G is the weight of the fluid in lbs per 
cubic foot, Pj — P g — Gh Then, as in § 85, 


* fr* * 

h ~ ~r feet 
2 9 d 


v= V^} = \/{^ (i 5^} feet p ersecond | < x > 


Q - cubic feet per second 


If T is the absolute temperature P , then, by the gaseous 
equation § 72, 

U = Pi/(RT) 

If h w is the pressure difference measured in inches of 
water, then 

P x - P 2 = ( 6 2 4A W )/1 2 = 5 2h t0 


Example — Air i " ‘ ■’I* absolute) 

flows through a 1 2 li [iffereoce of 

10 inches of water cubic foot 

Pj - P 2 = 5 2 x 10 = 52 lbs per square foot The value of f may be taken 
at 0 004 Then 




The discharge is 0 7854 x 22 77 = 17 88 cubic feet per second, or 1? 88 
x 0 0764 = 1 367 lbs. of air per e 


131 Flow of lighting gas in mams — Lighting gas w 
distributed in cast-iron mams under pressure differences of 
about 2 inches of water column per mile of main, or 2 X A 2 
= 10 4 lbs. per square foot The velocity is generally not 
more than about 15 feet per second In such conditions 
the hydraulic formula; are applicable with ver) little error 
Pressures in gas mains are usually measured by water 
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siphon gauges open to the atmosphere. They indicate there- 
fore the excess of pressure in the mam o\cr atmospheric pres- 
sure If h v is the gauge pressure m inches of water, and the 
atmospheric pressure is 34 feet of water, then the absolute 
pressure m the mam is 34-f-- I 1 2 A w feet of water, or 02 4 (34 
-f ^ 2 ^ v) — 2 1 2 1 -f 5 2 h„ lbs. per square foot 

Head lost in a horizontal mam — Let Fig 106 represent 
a length l of horizontal main through which gas of density s 
(air = 1) is flowing The difference — y 2 of the water 
columns m the siphon gauges is the head lost m the length l 



Let G„„ G a> G ? be the weights m lba per cubic foot of water, 
air, and gas respectively Then G f = sG a where for ordinary 
conditions of pressure and temperature G a = 0 08 nearly, and 
G u , = 62 4 Then if y t y 2 are measured m inches of water, 
the height of a column of gas equivalent to y v — y 2 is 

h =T2 “ 65 fect (2) ’ 

and this introduced m the hydraulic equations (1) will give 
the velocity of flow and discharge. 

Head lost in an inclined gas mam — In a falling main 
(Fig 107) the atmospheric pressure is greater at B than at A 
by the amount G a (s t — z 2 ) lbs. per square foot, or 
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A=41?8=65^f^-15o( 1 ^ 

04 V 04/ 

= 162 5(y l -y 2 ) + 22D 
?i~ 2A> = 24 33 inches of water 

(d) Similarly, if m the case of the 16 inch main in (6), the outlet 
end is 150 feet above the inlet, 

4=119 9=65 S ’^’+225 

Vi~ya~ -0 647 inch of water 

That is, the upper siphon gauge pressure would be greater than the lower 


132 Plow of air m a long uniform pipe, when the 
variation of density is taken into account — -In this ca^ 
the velocity increases along the pipe as the density diminishes. 
The work of expansion of the fluid is not negligible The 


expansion will be taken to be isothermal 

For air, P/G=53 2T (§ 72) and if the temperature is 
60° F, so that T=521, then P/G= 27710 

In steady flow the 6ame weight of air must pass every 
section in any gi\en time. Let IV be the weight of air 
flowing per second u the velocity, and fl the area of 
cross section ^p 


*- GO "5f 


(5) 


Consider a short length dl of the pipe Fig 108, between 
transverse sections A 0 A, Let d be 

c// y the diameter, G the cross c ection m 

- ' i - [ ■ - ^ the hydraulic mean radius I/st f 

! i r | r nud u be the pressure and velocity 

' J I ! ^ at A 0 P + dr, and « + du the corro 

r ~- ^ spondmg quantities at Aj I^t V» 
A a A- } A. f be the weight of air flowing per 
j ^ lfl , second — units feet and pound 

If in a short time dt the nnsa 
A 0 A, comes to A. r 0 A\ then A^A',, — udt and A, A', =(u + duyU 
Since in a short length the change of density is B nnll the 
head lost in feet of fluid is 

V dl 
-y m * 

or if H = «*/2/, the head list in friction is 

(lldljm feet (O- 
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And since W dt lbs flow in the time dt, the work expended m 
friction is 

-{-Wifi df ft lbs (7) 

m ' ' 

The change of kinetic energy m the time dt is the 
difference of the kinetic energy of AjA'j, and A 0 A' 0 that is 

™{<« + iuy-vf} 

W 

= -ududt = WdHdt ft lbs (8) 

9 V 

The work of expansion of f liidt cubic feet of air to 
+ du)dt at a pressure initially P is f2P<Ztuft But 
from (6) 

RTW 
u " flP 
du_ RTW 
dP “ 

and the work of expansion is 

- ft lbs (9) 

The work of gravity is zero if the pipe is horizontal and m 
many other cases ib negligible 

The work of the pressures on the ends of the mass is 

Pfludf - (P + dP)fi(u + du)dt 
= - (Pda + udP)Sldt 

But if the temperature is constant Pu is constant, and 
Priit -f* udP = 0 Hence the work of the pressures is zero 
Adding the quantities of work and equating them to the 
change of kinetic cnergj 

RTW II 

Wrfttft = - dVdt C - W dldt 
P m 
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R _ t» ! _ R 2 T 2 W 2 
2 g IgO- P" 
ffl 2«fi"P Jl 

H + Enr liP + ^ = ° 

I'or pipes of uniform section, 12 and m are constant, for 
steady motion W is constant, and for isothermal flow T is 
constant Integrating, 

, „ gWP 2 . 2 

log H + + £- = constant 

For WR1 7,i 

/ = 0, let H = H x and P = P, 

/ = L, let H = H 2 and P = P 2 

io 4: + iHf^- p > : ) + ^=° < u )' 

where I\ is the greater and P 2 the less pressure B) replacing 
H lf H 2 , and W 

(,2) 


Hence the initial velocity m the pipe is 


/, gSTW-P,’) i 

1 


When L is great, log Pj/P 2 is small compared with the other 
term in the bracket Then 


hgTHm 


For pipes of circular section and diameter d m feet, m = d/4 
Let T= 521, then for air RT= 27710, and let p v V* bo tho 
pressures in lbs per square inch Then 
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This equation is easily used. In some cases the approxi- 
mate equation 

tr 1 = (I 132-0 720^)^(222900^) . (13c) 

may be more con\ ement 

If the terminal pressure p> is required in terms of the 
initial pressure p u then 

^ ri \/{ 1_ 222900<i} 

.133 Variation of pressure and velocity in long air 
mains — The following cases have been calculated to give an 
idea of the way in which pressure and velocity vary m long 
mams comeymg air The mam is assumed to be 12 inches in 
diameter, and the coefficient of friction to be £= 0 003 

Air Mai vs 

i At distance* along main In miles. 


Case 1 

| Pressure (absolute) 
in lbs per sq in 

Telocity in main m 
ft. per sec 

| Case II 

Pressure (absolute) 
in lbs. per sq in. 

| Velocity in main in 
ft per sec 

With an initial velocity of 25 feet per second the pressures 
decrease and the velocities increase slowly With an initial 
velocity of 50 feet per second the "variation of pressure and 
velocity is much more rapid. Beyond 5 miles the pressure is 
very small and the velocity enormous 

134 Coefficient of friction — The author obtained values 
of the coefficient of friction from experiments made by 
Professors Ricdler and Gutermuth on the mams conveying 
compressed air in Tans. 1 The mams were 11^- inches in 

1 The details are given in Unwin Development and Transmission of Fencer 
London, 1691 
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diameter, and in some tests the length of mam tested was 
10 miles Experiments also were made by Mr Stockalper 
on the compressed air mams at the St Gothard tunnel, which 
were 0 492 and 0 656 feet in diameter 1 

Mean for 0 492 foot pipe 
„ 0 650 „ 

i. 0 980 „ 

These results agree with the relation 

£= 0 0027 (l + — ) (15) 

Mr Batcheller who has developed and carried out the 
remarkable systems of pneumatic transmission of parcels in 
the United States has also made careful experiments on the 
resistance to the flow of air m mains The pipes used were 
cast iron pipes bored smooth 

Air is supplied at a pressure of 6 lbs per square mch 
and a carrier weighing 1 lb 7 oz passed through with the 
air For a main 6|- inches or 0 51 foot diameter the mean 
value of the coefficient of friction was 0 00435 By the 
formula above it would be 0 00429 

The coefficient is applicable to gases of other densities 
135 Distribution of velocity in an air main — Threl 
fall has made experiments on tbe distribution of velocity m 
air mams by means of 3 Vito t tube (Proc Jn s t of Elcclr Eng 
1903, Proc Inst Mcch Eng 1904) The average ratio of 
mean to maximum central velocity was 0 873 constant at 
different velocities The velocity at 0 775 of the radius from 
the centre was equal to the mean velocity The highest 
velocity tried was 6 0 feet per second The velocity curve on 
a diameter approximates to an ellipse 

1 Jim Proc Inst Cml Eng lxiU 29 


t= 

0 00449 
00377 
00290 



CHAPTER XII 


UNIFORM FLOW OF WATER IN CANALS AND CONDUITS 

136 In flow through pipes the section of the stream of 
water is determined by the cross section of the pipe, and the 
aelocity depends not on the actual slope of the pipe but on 
that of the hydraulic gradient "When water flows along open 
channels, its surface is parallel to the bed of the stream, or 
nearly so, and the velocity depends on the actual slope of the 
surface of the water If the slope of the stream bed vanes, 
the aelocity of the stream \anes also, being greater where the 
slope is greater, and vice versa Since in steady motion the 
same quantity of water must pass e\ery cross section m a 
given time, the cross sections of the stream must vary inversely 
as the velocity, being less where the slope is greater and greater 
where the slope is less 

In artificial canals and conduits for conv eying water the 
slope is constant, and the cross sections of the channel are all 
similar In such cases the velocity is uniform, the cross 
sections of the water stream normal to the direction of flow 
are equal and Bimilar, and the water surface is parallel to 
the bed. 

I'S'7 Steady flow of water in channels of constant 
slope and section — Let aa'bb' (Fig 109) be two normal 
cross sections at a distance dl Since aa’bb ' moves uniformly, 
the forces acting on it are in equilibrium Let fl be the area 
of cross section, ^ the wetted perimeter pq + qr + rs, and 
m = Qjx the hydraulic mean depth Let v be the mean 
velocity, i the slope be jab in feet per foot, W = GCidl the 
weight of aa'bb' 

The external forces acting on aa'bb' parallel to the direc- 
231 
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diameter, and in some tests the length of main tested was 
10 miles Experiments also were made by Mr Stockalper 
on the compressed air mains at the St Gothard tunnel, which 


were 0 492 and 0 656 feet in diameter 1 


Mean for 0 492 foot pipe 

0 00449 

„ 0 656 „ 

00377 

„ O 980 „ 

00290 

These results agree with the relation 

f= 00027 ( 1+ ro) 

. (16) 


Mr Batcheller, who has developed and earned out the 
remarkable systems of pneumatic transmission of parcels in 
the United States, has also made careful experiments on the 
resistance to the flow of air m mains The pipes used were 
cast-iron pipes bored smooth 

Air is Supplied at a pressure of 6 lbs, per square inch, 
and a carrier weighing 1 lb 7 oz passed through with the 
air for a mam 6^ inches or 0 51 foot diameter the mean 
value of the coefficient of friction was 0 00435 By the 
formula above it would be 0 00429 

The coefficient is applicable to gases of other densities 
135 Distribution of velocity in an air mam — Thie 
fall has made experiments on the distribution of velocity m 
air mams by means of a Pitot tube (Proc Inst of Mectr. Eng 
1 903, Proc Inst tfech Png 1 904) The average ratio ot 
mean to maximum central \elocity was 0 873 constant a 
different velocities The velocity at 0 775 of the radius froin 
the centre was equal to the mean velocity The hig lCS 
velocity tried was 60 feet per second The velocity curve on 
a diameter approximates to an ellipse 

1 ihn Iroe Inst Civil Eng Ism 29 
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iMroiM now or waht is canajs am> covntrrs 

13G In flow Ihtrjgh j jjw*« tlii» ration of the stream of 
water is df>t*mmM by the crres f^tmn of the pip'% and the 
velocity dcjK*iJs hot cn t!ic ncttnl slope of the pipe hut on 
that of the hydraulic gradient When water flown along open 
channels, its rurfaoe is parallel to the t>ed of the stream, or 
nearly so, and the \ch«ciiy drjirnds on the actual slope of the 
surface of the water If the sloj»* of the stream-bed vanes, 
the velocity of the stream \arvs nl«n l*nng greater where the 
slope is grx ater, and nee rrrti Since in stead) motion the 
same quantity of water mu«t j a«s cury cross section in a 
given time, tiie cross Nations of the stream mu»t a ary inversely 
os the velocity, lung lc«s when, the fIojkj is greater and greater 
where the slope is less. 

In artificial canals and conduits for convening water the 
slope is constant, and the cross sections of the channel arc all 
similar In such eases the velocity is uniform, the cross 
sections of the water stream normal to the direction of flow 
are equal and similar, and the water surface is parallel to 
the bed. 

J37 .Steady Sow of water m channels of constant 
slope and section. — Let aa'bl/ (rig 109) be two normal 
cross sections at a distance dl Since aa'bl/ moves uniformly, 
the forces acting on it arc in equilibrium Let fi be the area 
of cross section, ^ the wetted perimeter pq + qr+rs, and 
m = H/^ the hydraulic mean depth Let v be the mean 
velocity, t the slope befab in feet per foot, W = G Cldl the 
weight of aafbb' 

The external forces acting on aa'bb' parallel to the direc- 
231 
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practical calculation", nml it can 1« made to gne accurate 
remits if the values of £ and e are tho^c found b) experiment 
in similar eases. Hence the practically u«cful problem is to 
find means of selecting a alues of f and c in any gnen ease 
13S Darcy’s research on the value of K for open 
channels. — M Dare) earned out an cxtrtmcl) important 
series of gaugings of the flow in artificial channels if acty 
\aned character, and M Rizin, his Fucccs°or, continued the 
invc tigation after his death The conclusion arrived at was 
that the value of £ depended chiefly on the roughnc c s of the 
channel and its size, being less for large channels and greater 
for small ones. It appeared that tho influence of size could 
be provided for b) taking for f the cxprc c sion 

« 

an expre^jon similar to that preuousl) found for pipes To 
take account of tlie roughness of the channels, of which there 
13 no definite measure Dare) adopted a classification of 
channels according to their roughness. The following table 
gi\es the values of a and /9 for the different categories in 
ovhich channels were classed — 


Kiml of Channel 

■ 

P 

I Very smooth channel*, aides of smooth cement 

0 00294 

0 10 

or planed timber 



IL Smooth channel*, sides of a«hlar, brickwork. 

0 00373 

0 23 

planks 



IIL Rough channel*, sides of rubble masonry or 

000471 

0 82 

pitched with stone. 



IV ery rough canals in earth 

000549 

4 10 

V Torrential streams encumbered with detritus 

0-00785 

5 74 


The last values (Class V) are not Darcy's, but ore taken from experi 
merits by Ganguillet and Kutter on Sw im streams. 


The following tables gi\o the values of f calculated from 
Darcy s eq (3) for uso m eq (1) and the corresponding values 
of c for use m eq (2) — 
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Daroy’b Values of f 


Hj draulic 
Mean Depth 

Values of f for Categories 

in Feet 

I 

n 

III 

IV 


0 5 

00353 

00545 

01243 

0505 


1 

00323 

00458 

00857 

0279 


2 

00308 

00414 

00664 

0167 


5 

00300 

00389 

00546 

0100 


10 

00297 

00380 

00508 

0077 


20 

00295 

00376 

00489 

0065 


50 

00294 

00374 

00477 

0059 


05 

00294 

00373 

00471 

0055 



Values of c in the Equation v = c *Jwii deduced fro 
Darcy’s Values 


Hydraulic 
Mean Depth 
m 

in Feet 

Values of c for Categories 


I 

ii 

III 

I\ 


0 5 

135 

109 

72 

36 


1 0 

141 

119 

87 

50 


2 0 

145 

125 

98 

62 


5 0 

14G 

129 

109 

80 


10 0 

147 

130 

113 

91 


20 0 

148 

131 

114 

100 


50 0 

148 

131 

116 

104 


co 

148 

131 

117 

108 




139 Ganguillet and Kutter's Formula In 18 
Swiss engineers Messrs Ganguillet and Kutter unaei 
careful analysis of the results of gaugmgs of open channe 
then a\ailable Proceeding m a purel) empirical 0 c 

a formula to the results of gaugmgs, the) armed o 1 
following cumbrous formula — 


1 811 0 00281 


I+ ( 410 + ^i 1 )-i 

\ i / \'m 


w 
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m which n 13 a “coefficient of roughness,” and the other 
symbols have the same signification as above They adopted 
Darcy’s method of classifying channels according to roughness, 
and arrived at the values of n given in the following table — 


n=0 009 
= 0010 
= 0011 
= 0012 
= 0013 
= 0015 
= 0017 

= 0 020 
= 0 025 

✓ =0030 
= 0035 
= 0 050 


Rutters Constant n 
Well planed timber 

Tare cement plaster, coated clean pipes. 

Plaster in cement, iron pipes in best order 
Channels of unplaned timber 

Ashlar and good brickwork, iron pipes in ordinary condition 
Rough brickwork, incrusted iron. 

Brickwork, ashlar, in bad condition, rubble in cement m 
good order 

Rough rubble in cement, stone pitching 
Rivers and canals m perfect order, free from stones or weeds, 
stone pitching in bad condition. 

Rivers and canals in good order 

Rivers and canals m bad order 

Torrential streams encumbered with detritus. 


In spite of its complication, Ganguillet and Kutter’s formula 
has been widely adopted, especially in India, where its use has 
been facilitated by the publication of extensive tables 

A formula with so many arbitrary constants can of course 
be made to agree with any selected set of results of gauging 
more closely than a simpler formula But the formula has 
only the authority of the results used in obtaining it If 
some of these are untrustworthy, the formula must be untrust- 
worthy also Now the term 0 00281/t was introduced chiefly 
to force the formula into agreement with certain gaugings 
of the Mississippi, with very large values of m and small values 
of t Those g&ugiogs were made b) the method of double 
floats, and it is now known that the velocities so obtained are 
probably greater than the truo velocities. 


Let 


41 C + 


00281 


Then, as Bazin has shown, the formula can be put in the 
form — 

s'mi 1 bn / 1 1 \ 

nr " 1 811 "fai+1 8U WS 1811/’ 
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and if s/m =* 1 811, or m = 3 28 feet or one n: 
then s/mi/v is equal to nj 1811 for all classes 
That is, at this arbitrary limit •Jmt/v is indepe 
term involving the slope m all cases, and the infl 
term m brackets is + or — - according as m is > or 
This result is improbable Further, the comp< 
Bazin has made of the formula, with a more ext( 
gaugmgs than were available when it was deducec 
it departs widely m some cases from the results oi 
Calculation by Kufcters formula is a little 
the equation is put in the form 


. „ 0 00281N 

I = «^41 6 + — t — ) 

nWm + i 81 n 

V n VM+ \'ro / ”** 


■ 

X ilues of M for «j= 

X 

0 010 

0 012 

0 015 

|P 

0 020 

( 

00001 

3 22G0 

38712 

4 8390 

5 1842 

G 4520 

0 

00002 

1 8210 

2 1852 

27315 

30957 

3G420 

1 

00004 

1 1185 

1 3422 

1 G777 

1 9014 

2 2370 

2 

•OOOOG 

0 8843 

1 0G12 

1 32G4 

1 5033 

1 7G8G 

2 

00008 

07G72 

0 920G 

1 1508 

1 3042 

1 5314 

1 

00010 

0 0070 

0 83G4 

1-0455 

1 1849 

1 3940 

1 

00025 

0 5284 

00341 

0 792G 

OS983 

1 05G8 

1 

00050 

04722 

05GGG 

0 7083 

08027 

09444 

1 

00075 

0 4535 

05442 

0G802 

07709 

0 9070 

1 

00100 

0 4441 

0 5329 

0GGG1 

0 It 50 

08882 

1 

00200 

0 4300 

051G0 

OG4 50 

07310 

0 8f00 

1 

■00300 

0 4251 

05105 

0G381 

0 7232 

0 8508 

1 


The formula cm, however, hnnllj be used in p 
without the aul of extensive tables 

140 Bazin’s later investigation of the 
experiments on flow in channels — M Bin 
returned to the stud} rf the results of gauginj 
thnnn<)s and Ins exarmmd it more cxti n°ive pi 
jivviotid} Ixon nvailtlle (Annalrs dts Pants 
1897) He remarks that itt the Dux) nhtiou 
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be suitable for pipes, the constants a and ft 
jde range of values so long as the experiments 
1 are considered. But in the ca=e of open 
their great diversity of sue and character of 
slants a and ft have so wide a range of values 
non ceases to be sufficiently useful as a guide 
e form of the expression is defective, lor if 
definitely, m/r = a, and this has a different 
class of channels. But it is reasonable to 
indefinitely large channels the influence of the 
» stream bed must indefinitely dimmish, so that 
.annels uiijxr should tend to a value common 
channels 

' trials, M. Bazin has adopted the following 
obviates the difficulty just stated — 

V(")-A <» 

nstant a has the fames aim., 0 00C35 (Knglish 
jl classes of channels, and ft lanes with tho 
surface of the bed. 

p of gauging are plotted so that the ordinates 
the absciss® z=\j tin expression rmy 

y = 0 00G35 + pr, 

y* 0 00035(1+^) (8), 

a straight line Results of this equation 
cil of rays starting from r <= 0, y « 0 00G3G 
easured by the angular cocfheienl 0 00G3f»Y 
roufjhne^s of the bed increves. J-ig 110 


are Bazin's values of the roujiness coeflien nt 
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Bazin’s Values of y 

I Very smooth — Smooth cement planed timber 
U Smooth — Plants, ashlar, brick 
III Bough — Rubble masonry 

III bis Bough — Earth newly dressed, or pitched w whole 

or part with stone 

IV Very i ough — Ordinary earth canals 

V Excest>iiely rough — Canals encumbered with needs or 

boulders 


Toi practical calculations Bazin's new formula coi 
in tlie form — 


157 6 •Smt 



In this form the equation is extremely conven 
calculation If m is known and v is to be found, the 



can be used quite straightforward!} If v is gnen and the 
dimensions of the channel are to be found, it is best to proceed 
bj approximation Choose from tables or experience any 
rough 1} probable taluc of m With this calculate 1+7/ V ,n * 
and with this find a new ^aluc of in b} cq (9). Vith 
this now \aluc recalculate 1+?/+/™, and then find a more 
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approximate value of m b) eq (9) These two steps of 
approximation aro gcnerill) sufficient. 

It will be seen tint the Chczy form of equation 


£— eim, 

l 2 g ’ 

or 

v = c 

is identical with Bazins if 


( 10 ) 


t y V 

£ = ■ = 0 00259 ( 1 + 

v 157 G 1 V nV 


157 0 


(10a) 


The following tables give \alues of 1+— calculated 

Vffl 

with Bazins values of «y for a senes of values of m and 
for all classes of channels. Also the corresponding values of 
£ and c in eq (10) 

In selecting a alues of £ or c it should be remembered that 
the roughness is often increased by organic growths after the 
channel has been some time m use Fitzgerald has given 
some interesting observations on a large aqueduct at Sudbury 
The culvert is circular 0 feet diameter with an invert of 
13 2 feet radius, it is lined with brick with cement joints 
It has been found that if the surface of the brickwork is not 
cieanei it accumulates in the course oi a year so much organic 
slime that the discharge flowing full is diminished 10 percent 
( Trans Amer Soc Civil hngincers xliv 87). 


[Table 
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Bazin’s Values of c in the Equation v=c Jnu 


Hydraulic 
Mean Depth 
in Feet 


5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 
1G 

17 

18 

19 

20 


\ alues of c for y = 


142 0 
146 4 

148 2 

149 8 

150 2 

151 0 

151 8 

152 1 
152 4 


152 7 

153 3 


153 5 

154 1 


154 4 

154 7 

155 2 


IIL III 

0 290 1 0 83 | 154 


122 5 
131 0 
135 2 
137 8 
139 8 

141 2 

142 2 

143 4 

143 9 

144 5 

145 3 

145 5 

146 0 

146 5 

147 0 
147 2 
147 4 
147 7 

147 9 

148 4 

149 0 
149 4 


86 2 
99 3 
106 5 
111 4 
115 0 
117 9 
120 2 
122 0 
123 4 

125 1 

126 2 

127 1 

128 2 

129 3 

130 1 

130 7 

131 3 

131 9 

132 6 

133 2 
135 2 
138 4 


62 1 
75 5 
83 6 
89 1 
93 4 
96 8 
99 7 
101 9 
104 3 
106 0 
107 8 

109 1 

110 7 

111 7 

112 9 

113 7 

114 8 

115 7 

116 6 
117 3 
120 G 
125 5 


47 0 
59 1 
66 8 
72 3 
76 8 
80 4 
83 3 
85 9 
88 2 
90 3 

92 i 

93 8 

95 4 

96 S 

98 0 

99 2 

100 3 

101 4 

102 4 

103 1 
107 0 
113 2 


37 8 
48 6 
55 8 
610 
65 3 
68 8 
71 7 
74 1 
76 8 

79 0 

80 7 

82 3 

83 9 

85 4 

86 7 
88 0 

89 1 

90 2 

91 4 

92 3 
96 5 

103 0 


As examples of the great variation of the coefficien t 
and c m oases of great variation of roughness some results 
gaugmg the Loch Katrine aqueducts may be given 
aqueducts are largely tunnelled in rock, and are only ParHy 
lined with cement mortar In the ease of the older Loch 
Katrine aqueduct, which was largely unlined and “ P™ £ 
rough, very low values of c were found. Thus.Mr Gale^ = 
that for the Mugdoch tunnel, 14 miles long and ex Pt, anally 
roufrh c = 5G9 The Loch Katrine tunnel, with abo 
liter cent lined, gave a = 07 8 At the norther 1 end f 0f 
the aqueduct, with 214 per cent lined, the ■ 

was 72 In the case of the newer aqueduct the whole 

. "Locb Katrine Waterworks, I«t .fE^.r.aai SytoMn. .» 

Scotland, 1895 
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invert was concreted, and about 50 per cent completely lined 
The area when running full was 64 8 sq feet in the lined 
part, and 78 3 sq feet in the unlincd part With water 
flowing 7 feet deep, m = 3 1 in tho unlincd and 2 87 in the 
lined part. The gradient is 1 in 5500 The following are 
Borne results obtained by Mr Rruce ( Proc Inst Civil Engineers, 
exxm ) — 

Loch Katrine Conduit 


Depth of water 
Cross section of water 
Discharge cubic feet per sec Q 
Mean velocity 
Hydraulic mean depth 
Value of c 


1 72 

2 42 

2 73 

2 94 

14 2 

20 8 

23 7 

25 6 

2CC 

45 8 

53 5 

53 5 

187 

2 21 

2 26 

2 08 

1 23 

1 CO 

1 74 

1 81 

125 4 

129 3 

126 9 

135 6 


141 Channels of circular section — Aqueducts and 
sewers are sometimes of circular section, and concrete open 
channels have been made of semicircular section. For 
calculations of the discharge of such channels running partly 
full the following table is useful Let r be the radius of the 
channel and d the depth of water — 


d 


n 

p 

V: 

tlVm 

r V r 

05 

032 

021 

179 

0037 

10 

052 

060 

229 

0137 

15 

096 

107 

310 

0332 

20 

128 

165 

357 

0589 

30 

185 

294 

430 

1264 

40 

242 

450 

492 

2214 

50 

293 

614 

541 

3321 

60 

343 

795 

586 

4658 

70 

387 

979 

622 

6089 

80 

429 

1 175 

655 

772 

90 

466 

1 371 

683 

935 

1 00 

500 

1 571 

707 

1 109 

1 2 

556 

1 968 

746 

1 469 

1 4 

592 

2 349 

769 

1 807 

1 6 

608 

2 694 

780 

2 098 

1 8 

596 

2 978 

772 

2 300 

2 0 

500 

3 141 

707 

2 219 
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Bazin’s Values op c in the Equation v=c*Jm 



Values of e for 7 = 









I 

n 

III 

III bis 

I\ 



0 109 

0 290 

0 83 

1 54 

2 3G 

317 

1 

142 0 

122 5 

86 2 

62 1 

47 0 

37 8 

2 

146 4 

131 0 

99 3 

75 5 

59 1 

48 C 

3 

148 2 

135 2 

106 5 

83 6 

G 6 8 

65 8 

4 

149 8 

137 8 

111 4 

89 1 

72 3 

610 

5 

150 2 

139 8 

115 0 

93 4 

76 8 

65 3 

6 

151 0 

141 2 

117 9 

96 8 

80 4 

68 8 

7 

151 8 

142 2 

120 2 

99 7 

83 3 

717 

8 

152 1 

143 4 

122 0 

101 9 

85 9 

74 1 

9 

152 4 

143 9 

123 4 

104 3 

88 2 

76 8 

10 


144 5 

125 1 

106 0 

90 3 


11 


145 3 

126 2 

107 8 

92 3 


12 

152 7 

145 5 

127 1 

109 1 

93 8 


13 

153 3 

14C 0 

128 2 

110 7 

95 4 


14 


14G 5 

129 3 

111 7 

96 8 

85 4 

15 


147 0 

130 1 

112 9 

98 0 


16 

153 5 

147 2 

130 7 

113 7 

99 2 


17 

154 1 

147 4 

131 3 

114 8 

1003 


18 


147 7 

131 9 

115 7 

101 4 


19 


147 9 

132 G 

11GG 

102 4 


20 

154 4 

148 4 

133 2 

117 3 

103 1 



164 7 

149 0 

135 2 

120 G 

107 0 


3G 

155 2 

149 4 

138 4 

125 5 

113 2 



As examples of the great -variation ot tno cocniuw* , 
and c m cases of great \anation of roughness some re<?u _^ 
gauging the Loch Katrine aqueducts may be given 
aqueducts arc largely tunnelled m rock, and arc on) 
lined with cement mortar In tlio case of the o i er 
Katrine aqueduct, which was largely unlincd and in I™] ' 

lough, very low values of c were found Thus, Mr 
that for the Mugdoch tunnel, 1} miles long mid creep 
rough, c = 50 9 The Loch Katrine tunnel . «■ 1 * 
11 percent lined, gave c=G78 At the unit i 1 f 
the aqueduct, with 2U per cent lined the ' , ,, 0 

was 72 In the case of the newer aqueduct the who!. 

1 "Loch K»tnne Waterworks Prct Ini' c/7 pnftn an t 



xii UNIFORM FLOW OF WATER 243 

invert was concreted, and about 50 per cent completely lined 
The area when running full was 64 8 sq feet m the lined 
part, and 78 3 sq feet in the unlined part With water 
flowing 7 feet deep, m = 3 1 in the unlined and 2 87 in the 
lined part The gradient is 1 m 5500 The following are 
Borne results obtained by Mr Rruce ( Proc Inst Civil Engineers, 
cxxiil) — 

Loch Katrine Conduit 


Depth of tvater 
Cross section of water 
Discharge cubic feet per sec Q 
Mean velocity 
Hydraulic mean depth 
Value of e 


1 72 

2 42 

2 73 

2 94 

14 2 

20 8 

23 7 

25 6 

2G 6 1 

45 8 

53 5 

53 5 

1 87 

2 21 1 

2 2G 

2 08 

1 23 

1 GO 

1 74 

1 81 

125 4 

129 3 

126 9 

135 6 


141 Channels of circular section — Aqueducts and 
sewers arc sometimes of circular section, and concrete open 
channels have been made of semicircular section. For 
calculations of the discharge of such channels running partly 
full the following table is useful Let r bo the radius of the 
channel and d the depth of niter — 


d 

- 

v 3 


flVm 
r •J r 

■05 

032 

021 

17 J 

•0037 

10 

052 

OCO 

229 

0137 

15 

09G 

107 

310 

0332 

20 

128 

1C5 

357 

0589 

30 

185 

294 

430 

12C4 

40 

242 

450 

492 

2214 

50 

293 

G14 

541 

3321 

CO 

343 

795 

58C 

4G58 

70 

387 

979 

C22 

CO^D 

SO 

429 

1 175 

C53 

772 

90 

4CG 

1 371 

G«3 

•935 

1 00 

500 

1 571 

707 

1 109 

1 2 

55G 

1-9GS 

74C 

1 4C9 

1 4 

592 

2 319 

7C9 

1 807 

1 C 

COS 

2 CH 

780 

2t>98 

1 8 

S1G 

2-078 

772 

2 300 

2-0 

500 

3 141 

707 

2 219 
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Bazin’s Values of c in the Equation v = c >Jm 


Hydraulic 



Values of c for 7= 



Mean Depth 




■ 



W Feet 

I 

II 

III 

III 

IV 

\ 


0 109 

0 290 

0 83 

1 54 

2 36 

3 17 

1 

142 0 

122 5 

86 2 

G2 1 

47 0 

37 8 

2 

14G 4 

131 0 

99 3 

75 5 

59 1 

48 6 

3 

148 2 

135 2 

106 5 

83 G 

GG 8 

55 8 

4 

149 8 

137 8 

111 4 

1 89 1 

72 3 

G1 0 

5 

160 2 

139 8 

115 0 

93 4 

76 8 

05 3 

G 

151 0 

141 2 

117 9 

96 8 

80 4 

G8 8 

7 

161 8 

142 2 

120 2 

99 7 

83 3 

71 7 

8 

152 1 

143 4 

122 0 

101 9 

85 9 

741 

9 

162 4 

143 9 

123 4 

104 3 

68 2 

76 8 

10 


144 5 

125 1 

106 0 

90 3 

79 0 

11 


145 3 

12G 2 

107 8 

92 3 

80 7 

12 

152 7 

145 5 

127 1 

109 1 

93 8 

82 3 

13 

153 3 

14G 0 

128 2 

110 7 

95 4 

83 9 

14 

u 

14G 5 

129 3 

111 7 

9G8 

85 4 

15 


147 0 

130 1 

112 9 

98 0 

80 7 

1G 

153 5 

147 2 

130 7 

113 7 

99 2 


17 

164 1 

147 4 

131 3 

1148 

100 3 

89 1 

18 


147 7 

131 9 

115 7 

101 4 

90 2 

19 


147 9 

132 6 

11C-G 

102 4 

91 4 

20 

154 4 

148 4 

133 2 | 

1173 

103 1 


25 

154 7 

149 0 

135 2 

120 G 

107 0 


3G 

155 2 

149 4 

138 4 

125 6 

1132 



As examples of the great aariation of the coefficients £ 
and c m cases of great \nmtion of roughness some results 
gauging the Loch Katrine aqueducts raij he gi\on Tin c 
aqueducts arc largely tunnelled in rock, and are on I) 
lined with cement mortar In the case of the older ^ 1 
ICatrmo aqueduct, which was largely uiilined and m P 11 *’’ vtr J 
lough, aery low % alues of c were found Ihu^Mr Gale ®ta c 
that for the Mugdock tunnel, 1 \ miles long and exceptional 
rough c = 5G 9 Tlie Loch Katrine tunnel, with "J 0 " 
11 per cent lined, gaae e=G78 At the northerly on 
the aqueduct, with 2U ]>cr cent lined, the naemge ‘ 0 
was 72 In the case of the newer aqueduct tin "‘ioIt 0 

1 ''Loch Katrine Waterworks, Pfoe ln> t of i i/» nrrrsant ul 

SeothnJ, IS 15 !! 
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The last column gives the relative discharge neglecting the 
variation of the coefficient c 

143. Trapezoidal channels — Artificial channels are 
commonly trapezoidal in section, the side slopes being deter- 
mined by the stability of the banks and the kind of protection 
against degradation adopted 




Character of Bank 

90 * 

0 to 1 

Planks or masonry 

63*20 

0 5 to 1 

Ma s onry or brick wall" 

45° 

1 to 1 

Stone pitching 

33*40 

U to 1 

Firm earth 

26*30 

2 to 1 

i 

21*48 

2} to 1 

> Loose earth 

18*20 

3 to 1 

) 


Let B be the top and b the bottom width, d the depth, 
$ the slope angle, and n the slope ratio, so that tan <j? = 1/n 

Top width = B = b + 2nd 
Area of section = li = (6 + 

Wetted perimeter ~x~^ + -d \4t 3 TT 


B 



r< n</~ »--<? — 4 

Fig ue 


144 Trapezoidal channel of minimum section for given 
side slopes — Various practical considerations determine the 
general form of the section of a channel. In a navigation 
canal the depth is fixed by the draught of the boats In 
large irrigation canals the depth is limited so as to avoid 
interference with subsoil drainage, and the canals arc of a 
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width equal to ten or twenty times the depth Jn \ilinlh 
ground the width is restricted and a rectangular section m 
used The longitudinal slope \ is determined b) the slojx; of 
the country and the limiting \clocit) which can bo permitted 
consistently with tlic stability of the canal bed. The fi!* 
slopes are fixed by tlio character of the banks. 

If a channel is constructed for a gi\en discharge and given 
longitudinal and given sido slopes, then then) is a proj»ortion 
of breadth to depth which makes the area of cross section, am! 
therefore the amount of excavation, a minimum The n^t* 
anco to flow depends on the wetted perimeter, and the v olouU 
will be greatest and the section least for that form for which 
the wetted perimeter is least 

Differentiating the expressions for H and % given nlove, 
and equating to zero. 


CtI + W )^ + ^ + ° 


«M 

tld 


+ 2 \/(n 5 + 1) = 0 


Liiminating dbjdd, 

j = 2(% / (n'+ I)-n,' 

n = 0 0 5 1 0 1} 2 21 1 

! = " 1 24 0 82 OGO 0 48 0 38 0 1.’ 

« 

If this value of b is m c ert<<l in the oxpre^uotn (• r (l nr l 
we get a vtrj convenient cfmnrt< ri«fic of chinmh oi t)c 
nio«t economic.il s “etion — 


f? - r t t ^ d 

n ~\ “ t/v'(n*+ "2 


<H) 


That i- in cjjann Is of the irn^t «*t< n mini f f f * 
given mill* flop-' tin hplrmli mnn d«j *h n l»»lf tl » '* * 
dopf, It will * n-ih U f-n tint this n a c! m 
th Ninirmt th* fulf f p vr** mil tf< Mlf I rX ~^ n ^ 

rmj! p f -i**ru v! roa**rt 'i *i idi w* t! ■»* f - nil *■ h» 
tl . f ! < an I n nr* tat , nH t » n r d ir h I 
r* nt»r r »i tl «* vr \*r* *t rfv «* 
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Let Fig 113 represent a trapezoidal channel of minimum 
section, for side slopes of n to. 1 Let E be the centre of the 



Fig 113 


water-surface, and drop perpendiculars EF, EG, EH on the 
sides. Let AB = CD = a , BC = b , EF = EH = c , EG = d 
fi = AEB + EBC + ECD 
= ae + ~bd, 

X = 2 a + b 

Since the hydraulic mean depth is half the actual depth, 

n/ x ^d/2, 

ae + 'fof = *(2 a + V)d, 

C = d 

That is, EF, EG, EH are all equal, and a semicircle with 
centro at E touches AB, BC, CD A circle struck from A 
with radius AE will pass through B 


PaOl*ORTI0N3 OF ClIANNFLS Of TIIE MOST ECONOMICAL SECTION 
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The velocity m a channel is 


Let l = x! rJH 

(I2) 

For a given section of channel the velocity and therefore 
the discharge will be greatest if l/ *JT. is greatest, so that 
this can be taken as a value figure for channels of ■various 
forms 

It is not generally con\ement to adopt exactly tho form 
of a channel of minimum section, but the theorem indicates 
the form towards which actual channel sections should tend 
if practicable For other forms of section nt>dj 2, and the 
mean velocity for a given longitudinal slope is less. Tho 
other limit to the value of m is d For in a channel of great 
width b, and small depth d, (l = bd and % — b nearly, so tint 
m = d nearly. 

The mean velocity \anes as +/m Hence, taking the 
extreme cases of m = df 2 and i n — d, the corresponding mean 
•velocities will have the ratio 


i-jn 


Jd = 0 709 


Tor a given discharge tho areas of the channels would he 
in the inverse proportion , 

145 Discharge of a channel with different depths 
water flowing.— Consider a rectangular channel with a b 

of water of width b and depth rf 

-L-- 3 The area .3 fl = M, tho M™' “ 

sctT — mean dcptli is m = Mj(b + -<0 T 
_ discharge is 


/ 11 * 

Q = !!r = rfi Jmt - tlJ / 


l ' s 114 that 1 «, ns t is constnit for 11 t'" 1 " 

chonnel, and c Mill onl} '«r> .. littk "ith the 
of "1ZC, 
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I 




•.'{b + 2d) 


determined by gauging for a depth 
r nnj other depth is 


O'M 


(13) 


ftr channel draining an area of 572,000 acres 
It of water of 3 feet it is found to discharge 
Then equation (13) becomes 


a the mean monthly depth of water deduced 
t the discharge calculated by this formula 
• of the stream in each month can be found, 
nage area, 24,010 million square feet, gms 
month equivalent to the stream discharge 
1 is also given. The ratio of the stream 
the ground to the rainfall varies with the 
latum tn certain problems of water storage 


Rainfall ov a Drainage Area 




I. 

»rj~ 

leet 

v oud 

Tout D s 
chirp* per 
Month In 
Million 
Cable Feet 

Eqalnlent 
l)epth on 
Dnlmge 

Me*n lUln 
ttlUn 

Ratio of 

D schirpe 
to Rainfall 
Per Cent 



3 

1856 

894 

2 15 

41 6 



0 

1742 

840 

1 78 

47-2 



3 

1775 

855 

1 70 

60 3 



3 

1511 

723 

1 67 

39 0 



) 

l o 05 

581 

1 55 

37 5 




936 

451 

1 73 

26 1 

<iu y — 

“aMo 

"" / 459 

1°29 

592 

1 48 

40 0 

August 

3 00 

400 

10 1 

516 

1 29 

40-0 

September 

2 85 

371 

962 

463 

1 48 

31 3 

October 

3 05 

410 

1097 

529 

1 44 

36 8 

November 

3 10 

419 

1086 

5<>3 

2 00 

26 1 

December 

3 80 

565 

1513 

729 

1 9a 

37 4 


The mean depth of water and mean rainfall are the average of five 
years’ observations. The smaller the intervals of time for which the 
means are taken, the more approximate would be the result. 


146 Parabola of discharge — In a rectangular channel 
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The velocity in a channel 3 


Let A = x/«/n 


- IT l~ 

V < v\ 

- I 2 JI hQ 

V r V * 


Tor a given section of channel the \docJty anti thcn.fi ri 
the <h«chargc will be greatest if l/«/I h grcitt^t tn tint 
this can bo taken ns a v ilut figure for channels of vnnot.< 
forms. 

It is not generillv convenient to adopt exicth tin f r * 1 
of a channel or minimum section, but the theortm indie dn 
the form tovvnrxls which actual channel sections should tor 1 
if practicable Jor other forms of section anl tl 

mean velocit) for a given longitudinal slope is 1 s. T 1 ' 
other limit to the value of in is d lor 111 a ihmml of P T * '* 
width l, and small depth d, fi = Id ami marl), *' tl vt 
v \ « d nearlv 

The mem vtlocit) vanes as *Tn\ Heim tikinp *1* 
extreme ca«<s of mr=d{2 and in ad. the conc’ji tiding t 1 
\ clot it us will lnvc tin ritio 




lor a givtn ihs har„i the an ls of the chsnmh wiull 
m the in\u>* proj*>rti n . * 

1 15 Discharge of a channel with different dep.W ♦ 
water flowing — Con 1 *: ! r n n-» t m^ul ir 1 hmm 1 " ith “ ^ (’ 1 , 
of w it. r of vi 1 Ith b m I • 1 ? 

"U - - - Z j Th anv 11 II. If 

k_;:rr_ J n m d!*h M rt. n v f + .f ^ 

/ .!« 1 If, h 


Q *• P- * r'*/"* 




Ul if V* » A' » l 1 ‘ * S * * ’ 

! a r ! r will < !* v »m a b"! ' 1 ‘ { ’ " ' * 
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«-Q«/f4(rf x + «)•}. 


When S and a have been determined the discharge for 
any value of d is easil} calculated to an approximation sufficient 
in many cases where comparisons of stream discharge and 
rainfall have to be made 

147 General distribution of velocity at different points 
in the cross section of a channel — Even a cursory observa 
tion of flow in an open channel shows that the velocity of 
translation along the channel is greater towards the centre 
and surface and less towards tho bottom and sides A more 
careful investigation indicates some marked peculiarities and 
a knowledge of these is of practical importance in considering 
various methods of gauging the volume of flow in streams. 

By means to be described presently the mean forward 
velocity at a number of points in the cross section of a stream 
can bo determined This was first accomplished in a quite 
satisfactory way bj Darcy and an example from his work 
will be taken as an illustration 

Fig 116 shows the cross section of a rectangular channel 
0 25 metre deep and 0 8 metre wide in which the velocity 
was observed at 3G points at tho intersection of the verticals 
ee ff and the transversals aa bb The velocities 

at each point on a transversal set up from the transversal 
vertically give points on a transverse velocity curve Tims 
aaa is the transverse velocity curve along aa bbb that along 
bb and so on Similarly the velocities at each point on a 
vertical set off from the vertical horizontally give points on a 
vertical velocity curve. Thus ee is the vertical velocity curve 
for the vertical ee ff that for ff and so on The vertical 
curves show that the greatest velocity is not at the surface 
but somewhat below it. From tl e lev el of greatest v elocity 
at any vertical the velocity decrua^s upwards and downwards. 
There is another way of reprinting the distribution of 
velocity If at points on the vertical curves where the 
velocities are 12 11 10 09 and 0 8 metres per second 
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of width b and depth d, if 6 is large Compared with d, & — M 
and 77i nearly. Then 

Q = cbd \'di, 

that is, for a given channel Q varies as dK In a triangular 
channel the width b is proportional to d, bo that 12 = /of* and 
in =* vd, where p and v are constants depending on the inclina- 
tion of the sides of the channel. Then 


Q = cpdr s^vdi, 

or Q varies as d*. Ordinary channels are of a form between 
these two, so that at least for a limited variation of d in a 
given channel the discharge may be taken to \ ary approximately 
as dr. In that case, if the depths of water are taken as ordinates 
and the discharges as abscissre the curve of discharge is ft 
parabola. It often happens that an approximate estimate of 
the total discharge of a stream is requiied when the onl) 
continuous records available arc readings on n gauge of tho 
surface-level of the stream. In such cases it may l*o assumed 
that Q varies as (d -f 8)’ for the range of variation of level wine i 
occurs in such cases, "here 
s d is tlio actual depth of 
water ami S a quantity to ho 
determined. Suppose that, 
by gauging, the discharges 
Qt, Q t for two d °l ,tll ‘' <?) * 

of water in the stream hue 
been ascertained. 

Tale ATI = «/,. HC“Qi- 
AD «=</,. DK = Qt or 
115). Then C ami K an' 
poinh on the 
curve, which i. nmiinwl la 
tie npproxinntelT a T' rl * 
hall with iti 'icft at 
Trom Ilia ]iroj»rlii' wf 


J? 


X 

S\ 


A 

/ 

,’ 1 i f 

> 

f 

> 


a 

rig ns. 


some j>oint 0 
jural tola 


at 8 l>elo" A. 


J1C » Q, r< ■!<!(./, * l)\ 
I)K «Q.«* + ')*. 

where n is tlio jutanwttr of the jurilxdi 


II. m« 
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horizontals are drawn to the corresponding a crticaK points ore 
found m the section on curves of equal velocity The«c cum“* 
correspond to the contours of a solid whose ba*e is the cre«s 
section of the stream, whose height at any point is the velocity 
at that point, and whose volume is proportional to the 
discharge of the stream per second The maximum velocity 
is on the centre vertical below the surface, and from that 
point the velocity decreases m all directions 

Messis Fteley and Stearns made very careful gaugings of 
the brick conduit at Sudbury with different depths of water 
flowing The conduit is 9 feet diameter, with an invert of 
13 2 feet in radius, the height of the conduit being 7 t foot 
{Trans Amer. Soc Cittl Engineers, 1883) With the greatest 
flow the velocity was measured at 167 points in the cro*s 
section The following are some of the results obtained — 


SuDncrv Conduit 


Depth of water 

\ 54 

4 01 

3 00 

Hydraulic mem depth 

2 33 

2 13 

1 84 

Mem aelociU 

2 37 

2 90 


Maximum velocity 

1 37 

3 32 

3 0C 

Bottom \clocity (about) 

2 20 

2 15 


Ratio mcm/mwimum 

88 

87 


„ mi an/bottom 

1 35 

1 35 


Discharge per sec Q 

111 5 



Value of c 

1400 

133 5 

1 «5 i 5 



148 Depression of the point of greatest velocity 
calm weather the maximum velocity i« below the sur ,ce " 
this is not cine, ns ti is been Fometnncs supposed, to n row 
of the air similar to that of the stream hid for it J I "■ 
with a wind down stream which should nccilern c 1 . 

Inver In a nctangul ir channel the velocity is t , 

centre and fills to shout hair depth at the ndi« In 
with sloping sides it rises from the centre outward' ( f 

be nt the 'iirricc nt the celg.s or the Hreiln Th 
the elepn-im 1ms Ken much dl-cuw-d 1 *"* ’ , . 

rt.llevl he contact with the Kd ar. thrown off am wv.^ _ 
threw, ^h nil peris of tlee -tie ml. I lit nealmiidlt. » n I , l( 
at th Mirfitv In the Mi si- lip h “s' 1 "-' 11 " ' 
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Assuming tint the vertical \elocit) cune is a parabola 
such as is shown in Fig 117, the mean \elocity is the mean 
ordinate of AOC, that is — 


= i {orc.i EGtIF - I (urea AG OK + OLCH)J 


But by the equation above, when 

.-=o,,=v-|- 

£= D,r ( = V-£--!>' 


u=v- 


= v- 


3 i|Z> + (D-Z» 

D* DZ_Z - 
3K + K " K 


DZ 1 D" 

r » + T-3K 


(16) 


If tJj D is the v elocity at half depth, putting s = - in the 


equation above, 


D’ 

4K’ 


so that the half depth velocity is greater than the mean 
velocity at the vertical only by the small quantity D°/(12K), 
a result which depends on the assumption of a parabolic curve 
but which cannot be much wrong and this is useful in practical 
gauging In Cunningham s Roorkee gaugmgs with floats much 
attention was paid to this point, and the mid depth velocity 
was found a little greater than the mean velocity at the vertical 
in forty two cases out of forty six The average of a large 
number of results gave Vfv^— 0 94 to 0 98 
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the depression of the line of maximum velocity increased with 
an upstream and decreased with a downstream wind, but this 
result has not been found in some other cases Perhaps it 
depends on the presence or absence of waves or ripples on 
which the wind can act 

149 Vertical velocity curve — In purely viscous stream- 
line motion the vertical velocity curve would be a parabola 
with a horizontal axis at the free surface In ordinary 
turbulent motion in streams the verticil velocity curve 
agrees fanly well with a para- 
bola having a horizontal axis 
at the level of maximum vel 
oeifcy Without assuming this 
to be more than a convenient 
approximation, it is a result 
useful in discussing the rela- 
tions of the velocities at differ- 
ent depths m a stream 

Let AOC (Fig 117) he a 
parabolic \elocity curve, the 
axis being a horizontal through 
0 Let V be the maximum, 
v 0 the surface, v b the bed vel- 
ocity, and v the velocity at any point P Let Z be the depth 
of the filament of greatest velocity, & the depth of P, and 
D the whole depth of the stream Then from the properties 
of the parabola 

(z-zy= k(v-i), 

where K is the parameter of the parabola Hence 

v-Y-W (**> 

Mean velocity at a vertical — If a fairly hirgo number 
of velocities at equal distances on a vertical aro observed tic 
arithmetic mean is very approximately the mean velocity at 
the vertical If the number is small the arithmetic mevn is 
less than the true mean velocity If through observed points 
a fair vertical velocity curve can be drawn, the mean velocity 
at the vertical is the area of the curve divided by the dept i 
of the stream 
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velocities on each vertical Curve 5 is the transverse surface 
velocity curve 

151 Ratio of mean and surface velocities — In a gauging 
of the Rhine at Basel the velocity at 0 5 8 of the depth was 
found to be equal to the mean velocity on the ^ame vertical 
The ratio of the mean to the surface velocity on one vertical 
■varied from 0 77 to 0 85, the average being 0 82 The ratio 
of the mean velocity for the whole cross section to the greatest 
surface velocity was on the average 0 73 Harlacher found 
the same ratio m gauging the Elbe The following table 
gives some values — 



Mean 
Velocity 
of Whole 
Sect on 

Mean 

Surface 

V elocity 

Greatest 

Surface 

V elocity 

£ 

5 

Elbe (higli water) 

3 61 

4 17 

4 GG 

8G 

77 

„ (aierage water) 

3 12 

3 G1 

4 17 

86 

75 

„ (low water) 

2 49 

2 79 

3 64 

89 

68 

Eger at Warta 

1 75 

1 75 

3 21 

1 00 

55 

„ at Falkenau 

2 54 

2 77 

4 43 

92 

57 

»» i. 

1 31 

1 48 

2 26 

89 

58 

Sazawa at Pone 

1 G1 

1 GO 

2 72 

1 00 

5 » 


82 

84 

1 15 

98 

71 

, 

1 90 

1 G7 

2 G 1 

1 14 

73 

Moldau at Budweis 

2 55 

2 67 

3 53 

90 

72 

„ „ 

5 71 

C 51 

8-02 

88 

71 

" 

3 07 

3 57 

4 28 

8G 

7! 


152 — Any 'kqsI. by 'xlwilv note* is. conveyed, 

mi) be termed an aqueduct, but the term is usually applied 
to important works In which water flows by gravitation and 
specialty to those conveying the water supplv of towns 
Where the fill of the country is suitable the water maj l»e 
conveyed in a channel contoured to tin. slope of the hydraulic 
gradient. The channel maj be an open channel such as the 
conduit which brings water from Staines to London More 
commonly it is covered to protect the water from deU noration, 
but the water flows precise!) as man opn channel Gtmralh, 
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such an aqueduct is of a composite character— part in tunnel 
where the ground is above the hydraulic gradient, part in 
cut and cover, that is built in an open trench and then 
covered in Across i alleys the aqueduct must be carried on 
piers, or more commonly the water is com eyed m one or more 
pipes termed inserted siphons, falling from the hydraulic 
gradient at one end and rising to it again at the other end 

Roman aqueducts — Amongst the most stnXing engineer 
ing works of antiquity, of which parts stall exist art the 
aqueducts constructed for the water supplj of Rome and otlar 
cities of the Roman empire The Appian Aqueduct at Rome 
was constructed in 313 Be and cornered water from springs 
ten miles distant from the city in a channel Act wide fa 
5 feet deep Others were subsequently constructed till then- 
were fourteen aqueducts of lengths \ar}ing from 11 to 
59 miles, and aggregating 359 miles Of the total length 
55 miles were on arches and the remainder chief!} under 
ground The channels were lined with cement nnd rooftd with 
slabs nnd the gradients aimed from perhaps 1 in 500 to 
1 m 3000 Ilcrschcl estimates the total suppl} to the nta 
of Romo nt 50 million gallons d ill} , with an additional swill} 
to districts outside the cit) The water a\ is often dMril uted 
bj lead pipes and le id siphons of 12 to 18 inches dnmetcr 
liaac been found 

Types of aqueducts — Jig 119 shows cro«s sections of 
some important aqueducts A R, C are nclion** of the 
new Loch Katrine aqueduct 

153 Examples of aqueducts — (1) Loch Katrine 
aqueduct — J7in was designed to conuj '0 million gdl w* 
per d i} from Loch Katrine to OJi'goaa but the rou^hm s * f 
the chniiul was not fulla allow id for and it jtoUiU} orn * 
ouly aliotit 10 million gillons The top an Ur wirfm ,n 
Loth Kutrim is oG7 fit t n boat nu in e ihail mid th " lt T 
is dcltaiml into a sniu rt*-craoir nt Mti^dcxh -10 rod a 
distant aa lit n the top w iter hail is 517 f t »!*>'< ft »» 
h i 1 acl Of tin 2G mil s of njutslu l ^ nn u* « ' 
pjw s niro«s m!I a« II ] mil h up m twin 1 mid 1^1 
an Indies mil Hn« nn mint mil ra\ ir 'll iwit ^ af 
8 f t m dnrn t*r with a fill if 10 Hi Im pr mil »*'* 
ilnimil incut nn l foair l as th< run grab nt ns tl tmi t 






258 


HYDRAULICS 


CHAP III 


such an aqueduct is of a composite character — part m tunnel 
where the ground is above the hydraulic gradient , part w 
cut and cover, that is, built m an open trench and then 
covered in Across valleys the aqueduct must be carried on 
piers, or more commonly the water is convened in one or more 
pipes, termed inverted siphons, falling from the hydraulic 
gradient at one end and rising to it again at the other end 

Roman aqueducts — Amongst the most striking engineer 
mg works of antiquity, of which parts still exist, are the 
aqueducts constructed for the water supply of Rome and other 
cities of the Roman empire The Appian Aqueduct at Rome 
was constructed in 313 bc, and conveyed water from springs 
ten miles distant from the city, in a channel 2\ feet wide b) 
5 feet deep Others were subsequently constructed till there 
were fourteen aqueducts of lengths varying from 11 to 
59 miles and aggregating 359 miles Of the total length, 
55 miles were on arches and the remainder chiefly under 
ground The channels were lined with cement and roofed with 
slabs, and the gradients varied from perhaps 1 in 500 to 
1 m 3000 Herschel estimates the total suppl) to the citj 
of Rome at 50 million gallons dailj , with an additional suppl} 
to districts outside the city The water was often distributed 
by lead pipes and lead siphons of 12 to 18 inches diameter 
have been found 

Types of aqueducts — Fig 119 shows cross sections of 
some important aqueducts A, B, C are sections of the 
new Loch Katrine aqueduct 

153 Examples of aqueducts — (1) Loch Katrine 
aqueduct — -This was designed to conve) 50 million gallons 
per di) from Loch Katrine to Glasgow, but the roughness of 
the channel was not full) allowed for, and it probabl) carries 
only about 40 million gillons The top water surf tee w 
Loch Katrine is 3G7 feet above mean sea level and the witr 
is delivered into a service re^rvoir at Mugdoch, 20 miles 
distant where the top water level is 317 Ret above mean 
sea level Of the 2G miles of aqueduct 3^ an tast-in>n 
pipes across v ille^*, 11% milts are in tunnel nnd 10.}- mw* 
are bridges and masomy incut nnd cover The tvmwls 
8 fu.t in diameter, with a fall of 10 nidus jx.r nub T w 
channel in cut nnd cover has the wine gradient as the tuntu * 
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Portions of the pipe line consist of two 48-mch and one 
3 6 -inch pipe, or of four 3 6 -inch pipes, the general hydraulic 
gradient being 5 feet per mile An additional aqueduct has 
now been constructed following generally the line of the old 
aqueduct, with the object of ultimately maintaining a supply 
to the city of 100 million gallons per day In the new 
aqueduct, with water flowing 7 feet deep, the area of section 
is 78 3 square feet The wetted perimeter 24 9 feet The 
hydraulic mean depth 3 1 feet The slope 1 in 5500 The 
estimated discharge is nearly 72 million gallons per day 
( Proc Inst Civil Engineers, 1883) 

(2) Thirlmere aqueduct, for the supply of water to 
Manchester — This is designed to convey 50 million gallons 
per day from Lake Thirlmere to a service reservoir at 
Prestwich, a distance of 96 miles There are 14 miles of 
tunnel, 37 miles of cut and cover, and 45 miles of cast-iron 
pipes The tunnels are 7 feet 1 inch wide, the side walls 
5 feet high, and the arch rises 2 feet They are for the most 
part lined with concrete, but in parts only the floor is lined 
The thickness of floor lining Is 4^ inches in close rock to 
18 inches m bad ground Walls 12 inches to 18 inches 
thick Arch ring 1 5 inches thick Where the tunnels are 
unlined their width is increased to 8 feet 6 inches, to allow 
for the greater friction due to irregularities of the rough rock 
surface The cut -and cover channels are also of concrete. 
At full supply the water m the conduit will be 5 feet G inches 
deep The pipe line was designed to have three parallel 
48-inch pipes m the first part, and five parallel lines of 
40 inch pipe in the later part, the pipes varying m thickness 
from 1 to 1^- inches, with socket joints run with lead Tho 
second pipe laid has been increased in diameter from 40 to 
45 inches The surface of tho lake when full is at 584 feet 
above O D The aqueduct starts at 527 feet above Oh and 
ends at Prestwich at 353 above O.D The ruling gradient 
is 20 inches per mile but extra fall is given to the pipo lme 
Along the aqueduct there arc manholes at evorj quarter mile 
New Croton aqueduct, New York, U S A. — In tins 
aqueduct there are 30 miles of tunnel, 1 mvlo of cut and 
cover, and 2^ miles of pipe About 7 miles of the tunnel 
is of circular form 1 2^ feet in diameter, and is under prt^sua. 
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amounting at one point to 120 feet of head. The remainder 
of the tunnel is horseshoe-shaped, 13 feet 7 inches in width 
and height. For 25 miles the gradient is 0’7 feet per mile. 
The tunnel is lined with brickwork 12 to 24 inches thick. 
The discharge is about 300 cubic feet per second. 

154. River bends. — In rivers flowing in alluvial plains 
the windings uhicli already exist tend to increase in curvature 
by the scouring away of material from the outer bank and the 
deposition of detritus along the inner bank. The sinuosities 
sometimes increase till a loop is formed with only a narrow 
strip of land between tho two encroaching branches of the 
river. Finally a “cut off" may occur, a waterway being 
opened through the strip of land and the loop left separated 
from the stream, forming a horseshoe-shaped lagoon or marsh. 
Professor James Thomson has pointed out ( Proc . Royal Soc. 
1877, p. 35G; Proe. Inst, of Mitch. Engineers, 1879, p. 45G) 
that the usual supposition is that the water, tending to go 
forwards in a straight line, rushes against the outer bank and 
scours it, at the same time creating deposits at the inner bank. 
That view is very far 
from a complete account 
of the matter, and Pro- 
fessor James Thomson ^ 
has given a much more 
ingenious account of the 
action at the bend, which 
he has completely con- 
firmed by experiment. 

When water moves 
round a circular curve 
under the action of 
gravity only, it takes a 
motion like that in a free 
vortex. Its velocity is Fig. 120 . 

greater parallel to the axis 

of the stream at the inner than at the outer side of the bend. 
Hence the scouring at the outer side and the deposit at the 
inner side of the bend are not due to mere difference of velocity 
of flow in the general direction of the stream ; but, in virtue 
of the centrifugal force, the water passing round the bend 
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presses outwards, and the free surface m a radial cross section 
has a slope from the inner side upwards to the outer sido 
(Fig 121) For the greater part of the water flowing in 

curved paths, this 
diffeicncc of procure 
produces no tendency 
to transverse motion 
But the water im- 
mediately in contact 
with the rough bot- 
Fl s J 2l tom and sides of the 

channel is retarded, 

and its centrifugal force is insufficient to balaneo the pressure 
due to the greater depth at the outside of tho bend It 
therefore flows inwards towards the inner side of the bend, 
carrying with it detritus which is deposited at the inner bank 
Conjointly with this flow inwards along tho bottom and sides, 
the general mass of water must flow outwards to taho its place 
Fig 120 shows the directions of flow ns observed in a small 
artificial stream, by means of light seeds and specks of nnilino 
dye The lines CC show tho directions of flow immediately in 
contact with the sides and bottom Tho dotted lino AB shows 
the duection of motion of floating particles on tho surfaco of 
the stream 
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1 A riser has the following section lottom width, 300 fict , depth 

of water, 20 fcit , Ride bIojk**, 1 to 1 , fill, 1 foot j*.r mile 
I ind the discharge, using Darcj s coefficient for earth channel*. 

Darcj, c— IOO, Q ~ 37,3 JO cubic ftet p< re coni 

2 A canal is to be constructed fora discharge of 2000 cubic fit 

per eccon I The fall is 1 5 feet jtr milt , pi !e idoj>c«, I to I , 
bottom width, ten tunes the depth, c*-120 Jinl ** e 
dimensions of the canal 

Ikpth, 6 23 f <t , Imttoni w 1 1th, 62 *1 * ^ 

3 Required the dimensions of a trajczoilal rhanm 1 of tie n * 

economical eectton to consoj TOO cul ic fit j*r ftml, with^A 
fall of 2 fe« t j*tr mile, nn ! »i le slop* ■* 1 A to 1 f ** 

I). jili, 7 18 fit. Uttom wilt? -I l*> »"■*■ 


1 V 1 rn not ot! itiU 1 HjzId * srslms of t? e c w* r »n * f t *’ -r ' * 
bt» l**n u««*I 
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4 Recalculate the di«chirgc of the channel detennmed in (3), taking 

Bazin’s coefficient for sides covered vritli stone pitching 

388 cubic feet per second 

5 An irrigation canal in earth with side slopes ll to 1 conveys 

COO cubic feet per second at a velocity of 2l feet per second 
Design a suitable canal section with a depth of 3 feet 

Area of section, 240 square feet , m = 2 G87 , 
e = G4 G , ♦ = 000657 or 2 94 feet per mile. 
G A brick culvert, 6 feet 6 inches in diameter and 4000 feet long, 
com cys 150 cubic feet per second when running fulL Find the 
fall in feet necessary 7 3 feet 

7 An oval bnck sewer, flowing two-tlnids full, 19 4 feet wide and 

G feet high Find the fall in feet per mile to gn e a velocity of 
3 feet per second, and the discharge. 

2 4 feet , 3G 3 cubic feet per second 

8 A canal is to be cut in earth with side slopes 2 to 1, and a fall of 

9 inches per mila The discharge is to be 6000 cubic feet per 
minute, and the depth 3 feet Find the dimensions of canal. 
(Solve by approximation ) 

Assuming m = 3, 6 = 182 feet , 
then m = 2 29, and 6 = 24 feet 

9 k semicircular channel of smooth cement is 5 feet deep and slopes 

at 1 in 1000 Find the discharge. 

115 7 cubic feet per second 

10 A trapezoidal channel of the most economical form, with sides of 

rubl le masonry, has a depth of 10 feet and side slopes of 1 to 1 
Find the discharge when tlie fall is 18 inches per mile. 

6 = 82 r=328, fi=182, Q = 597 

11 A rectangular ashlar masonry channel is 12 feet wide and 4 feet 

deep, and has a slope of 1 in 6000 Find the velocity and 
discharge. 2 91 feet per second , 139 6 cubic feet per second 

12 The water section in the aqueduct at Dijon is 2 feet wide and 1 foot 

deep, and the sides are smooth cement. The slope is 1 in 1000 
Find the velocity and discharge. 

3 05 feet per second , G 1 cubic feet per second 

13 Find tlie equation to the discharge parabola of the Sudbury 

aqueduct from the data in § 147, and draw the curve. 

Q = 4(d+ 0 738)3 

14 A channel has an hydraulic mean depth of 5 feet Compare the 

discharges if the sides are of smooth cement, and of rubble 
masonrj 1 30 to 1 

15 The top width of an irrigation canal is 200 feet, the depth 10 feet, 

and the side slopes 3 to 1 The slope is 15 in lies per mile. 
Find the discharge v = 3 8G , Q = 65G7 
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GAUGING OF STREAMS 

155 For various purposes the engineer needs to gnugo the 
flow of streams Tor instance, m determining the a nttio of 
a fall as a source of water power the \ olumc of flow throughout 
the year must be ascertained The flood discharge is of little 
aaluc unless Btorage reservoirs can be constructed Tho 
ordinary summer flow and tho minimum flow aro factors of 
greater importance generally Then again tho water supply 
of rainy towns is derived from the drainago of largo gathering 
grounds, flowing off by a stream In considering tho sufliciency 
of the supply, the flow must be determined parti} by rainfall 
observations partly by gauging the stream 60 ns to establish 
a relation between the rainfall and flow from tho catchment 
basin Usually gauging operations arc carried on for a 
considerable ptnod as nccuritc statistics nro required in the 
settlement of difheult questions such as the apportionment 
of compensation wntcr Lastly, ui the management of imga« 
tion works it is frequently necessary to gatigt tho flow ill 
canals nnd distribution channels 

15G Water level gauge — 'Wherever stream discharge 
measurements are tumid on, w iter level gauges should •*' 
established on which foldings of the v irymg w iter hvtl cm 
be taken simultaneously with the velocity ol inition* Th< 
zero of tht giuge should In tonntcttd by h wiling with » 
p< rnuinent lunch in irk, nnd tho zero should 1» UIuw tit 
lenw t water hvtl to avoid minus n id mgs Th h d ( f 
thi gauge should 1* in fist an I tiriths. 1h ic'd* tn»y ^ 
fixed to n jili dnvtti into tho sin mn htl ir fixed to n 
mvoury structiin »ruc times « s d» nttulod to a 1 ll 
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is con\cmcnt, the reading being taken against a fixed mark 
Automatic gauges are used in important investigations A 
cord attached to a float gives motion through reducing gear 
to a pencil which records the water-level on a drum driven 
by clockwork 

157. Mean velocity calculated from the longitudinal 
slope — If the longitudinal surface slope of a stream is 
determined in a part where the channel is of fairly regular 
section, then the discharge can be ascertained by the formula 
of flow, subject, however, to the difficulty of selecting a 
coefficient suitable to the character of the stream In most 
cases, however, the surface slope is an extremely small quantity, 
generally less than 1 in 5000, and the oscillations of tho 
water surface render its determination difficult The slope 
in natural streams often differs to some extent on the two 
sides as the current sets to one bank or the other In 
Cunningham’s experiments on the Ganges Canal twelve 
measurements of slope on symmetrical 2000 and 4000 feet 
lengths differed by 25 per cent, but the site was probably a 
specially difficult one Usually the mean of the slope 
determined at the two banks is taken as the virtual slope 
of the stream 

158 Gauging by observation of the velocity of flow. — 
In streams of moderate size the most accurate method of 
gauging is by a weir constructed for the purpose across the 
stream. But often it is impracticable to erect a weir, and 
the operation of gaugmg is then effected by determining the 
cross Bection 12 and the mean velocity v m of the stream The 
discharge is Q = £lv m For gauging purposes a straight and 
unobstructed reach of the stream should be selected where the 
cross section is fairly uniform in area and form Then two 
series of observations are required (1) a survey of one or 
more cross sections of the stream, (2) observations of the 
velocity at one or more points of the cross section 

159 Measurement of transverse sections — The depth 
of the stream is ascertained at a senes of points, equidistant 
if possible, along the line of the required cross section For 
small streams a wire may be stretched across, with equal 
distances of about 10 feet or less marked on it by tags If 
the wire is first set up on land and stretched with a given 
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weight, the position of the tags can be fixed so that their 
horizontal distances are equal The wire is then stretched 
across the stream with the same tension The depth at each 
tag can be taken with a light graduated and loaded rod. Cue 
should be taken, that the wire is perpendicular to the thread 
of the stream 

For large rivers the position of soundings is fixed by angu 
lar measurement A base line AB (Fig 122), parallel to the 
stream, is first laid out and 

5- measured Next sta\esnre 

set up at CA and D along 
the line of the required 
section and at right angles 
to AB Observers aro 
placed at C and B , a boat 
* drops down stream and fl t 
the moment it crosses tho 
section at E the obsencrC 
signals, the sounding w 
taken m the boat, and B 
with a box sextant tabes 
the angle ABE This is 
repeated till soundings at a sufficient number of points 
have been ascertained from which to plot the cro^s section 
The soundings may be taken b} a graduated rod if the dept i 
is less than 15 or 18 feet or by a weighted cord or lead lino 
or chain If the -velocity of the stream is considerable the 
weight should be disc slnpcd or lenticular, so as to expose as 
little surface normal to the current n3 possible A snnp 
winch and wire arc comement for lowering tho wci 0 ht am 
the winch nnj have a counter which shows tho depth * ron ! 
the observations the section is plotted, and the ana nn< 
wetted perimeter are calculated 

The area of a plotted cross action inaj be obtained l*\ 
plammeter or bj dividing the width of the stream into 
spaces and measuring the n +• 1 vertical ordin ites at t m * •' 1 
ing point*’ Let I l>e the width of a division and h t 1 \ • 

bo the measured ordinate** Then bv the traj'Ci’oahl ru o 

K*# + *■) + "( A i + A - + 



Fig 122 


arc l is 


+ K ,) 
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If the end ordinates arc zero 

11 = t(Aj + A. + . +A„_ 1 ) (1) 

If there arc ten spaces, Simplon’s rule may be u«od with 
somewhat greater nccurac} — 

n » | l(»o +»,.) + <(»,+*,+ +*,) + 

=(», + V +i,)J (2) 

As the le\el of n Btnun vanes from time to time, a level 
gauge should bo fixed before operations are begun The water- 
level should bo noted on this gauge when taking the cros3 
sections and afterwards when the velocity observations are 
made 

If velocity ob^nations arc to be taken at least two cross 
sections should 1« measured and the av erage values of % and fl 
computed for u=c in calculations 

ICO Float ganging — The -velocity in a stream may be 
directly observed by taking the time of transit of a float over 
a measured length of stream Surface floats arc used to 
determine surf ice velocities The} mny be balls or discs of 
wood or cork A tuft of oil} cotton-wool which does not get 
wet, is a u««ful means of rendering them visible Captain 
Cunningham at Roorkce 1 used 
thin deal discs 3 inches diameter 
and 1 inch thick Sub surface 
floats — To observe velocities be 
low the surface a large relatively 
heavy float (Tig 123) connected b} 
a thin wire(nl>out 0 015 inch thick) 
to a small, light surface float, h is 
been used It is assumed that the 
motion of the combination is prac 
tically that of the sub surface float 
the influence of the surface float and 
connector being negligible But if Fig 1*3 

the laige float is made nearl} of the 

density of water, so that the surface float may be small the 
eddies prevent the large float from keeping its depth If the 
1 Eoorlee Hjdratihc Experiments by Captain .AJIan Cunningham R.E 
(Thomason College Press) 
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lower float is heavy, the upper float must be laigo, and then 
its influence on the motion of the combination is not negligible 
and the velocity* observed is not the true sub surf ice velocity 
Fig 124 shows the form of sub surface float used by Captain 
Cunningham at Itoorhcc It consists of a hollow inctnl ball 
connected to a disc of cork The influence of the connecting 
wire on the motion increases as the depth of the sub surface 
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1 124 Fig 12a 

float increases, and the observations become less trustworthy the 
greiter the depth Twin floats — Tig 125 shows two equal 
balls connected by a wire, the lower being loaded so that tbe 
combination just floats The motion of the twin Boat must 
be nearlj the mean of the surface velocity and the velocity at 
the depth at which the lower float swims Thus if v, is the 
surface velocity, and v d the velocity at the depth d, the velocity 
of the twin float is = -f- v d ) If v, is ascertained by 

means of a surface float 

i d ~ 2i - t, ( 3 ) 

Captain Cunningham found the twin float more satisfactory 
than the sub surface float, but the influence of the connector 
increases with the depth, and also the uncertainty as to whether 
the lower float keeps its depth or is tossed about by eddies 
in the water 

161 Rod floats — Fig 126 shows another form of float 
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used in some early researches Its use has been revived by 
Captain Cunningham in India In its simplest form it con- 
sists of a wooden rod with a cap at the lower end in which 
shot can be placed, so that the rod floats nearly upright, and 
with little projection above the 
water-surface Wood rods may 
be made in lengths which can be 
screwed together Cunningham 
used sets consisting of lengths 0 1, 

0 2, 0 3 . . up to 1 foot, and 1, 

2, 3 . . up to 12 feet, but tube 
rods of tinplate about 1 inch in 
diameter made of graduated lengths, 
adjusted to float at definite depths 
in still water and marked, were 
found more convenient He found 
that the velocity of a rod, the 
immersed length of which was 
nearly equal to the depth of the 
stream, is a close approximation 
to the mean velocity on the verti- 
cal corresponding to its path, and 
he considered it the most accurate means of float gauging in 
suitable conditions. At any rate the gaugings showed that 
though the rod necessarily was shorter than the full depth of 
the stream, its velocity was very approximately the mean 
velocity at the vertical corresponding to its path The rod 
float is certainly free from the chief objections to the sub- 
surface or twin float 

102 Float paths and time of transit — In the part of 
the stream selected for gauging two cross sections are fixed at 
a measured distance apart, and the time of transit of the floats 
between these sections is observed The floats are thrown in 
above the upper section at various points in the width of the 
stream. In careful gauging the exact float paths should be 
observed The two end sections may be marked by cords 
stretched across the stream, and if these have coloured tags at 
equal distances it is possible to note approximately the 
distance from the bank at w Inch each float crosses each section. 
If l is the distance between the cross sections, and t the 



Fig 126 
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time of transit then v^ljt is the velocity of the stream at the 
position of the float path normal to the cross sections 

In large stieams the float paths must be observed by hot 
sextants or theodolites A base line AB (Fig 127) is set out 
parallel to the thread of the stream 

A J III II C II III jj, Ranging rods are set up at A : B 2 

T 1 » JIT I on lines at right angles to the base 

( I | I JJIII usually on the lines of surveyed 

• tiansverse sections Observers are 

I'M * I f | stationed at A and B with sextants 

1 4 I Floats are dropped into the stream 

' | from a boat upstream of AAj 

I I v I As the float crosses AAj at C the 

t \ J observer at A signals and B takes 

[I Jd|| { D the angle ABC When the float 
I I FlT 1 7 tlfj ~ crosses BB X at D B signals and A 
I takes the angle BAD An observer 

Fig also notes with a chronograph the 

time between the signals All the 
data are so obtained for calculating the v elocity and plotting 
the float path CD 

The best length of the float path depends on the velocity 
and regularity of the stream, lengths of 50 to 250 feet have 
been used The longer the base the less the error of the 
time observation But on the other band the longer the base 
the more the floats stray about into regions of differing velocity 
In the Ganges Canal researches Captain Cunningham found a 
run of 50 feet best for the central parts of the stream but 
near the banks this had to be shortened to 12 1 feet "With 


any longer run the floats strajed to the banks 

1G3 The screw current meter- — Tins was termed 
eaaty hj draulicians the Woltmann Mill In improved form 
it is the most generally useful and if property calibrated the 
most uccuratc apparatus for measuring velocity m streams. 
A screw propeller like that in Tig 128 dehcatcty supjorlid 
drives a counter by a worm The counter can be put in or 
out of gear bj a cord The meter is fixed on a rod or length 
of gas pipe and held in the water in the desired position 
A rudder keeps the propeller facing the stream I he counter 
is put in gear for one minute or more and from the clifllrenc*- 
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of the counter readings divided by the duration of run the 
velocity is calculated In its ordinary form the meter must 
be lifted from the water to read the counter, and cannot be 
conveniently used at greater depths than about seven feet 
Harlacher screw current meter — This is a current meter 
with an electrically actuated indicator showing the revolutions. 
The meter is on a sleeve which slides on a substantial hollow 
cast-iron rod, and can be mo\ed np and down the rod by a 
cord passing down inside it The rod is long enough to be 
firmly fixed in the bottom of the river The cord is wound 



on a barrel fixed to the rod, and this has an indicator showing 
the depth of the meter from the surface The whole apparatus 
re fixed on a raft which can he rao\ed across the stream, and 
anchored at each \ertical at which the velocities are to bo 
taken A current from a small primary battery passes down 
an insulated wire and back by the rod. A contact piece on 
the shaft of the screw closes the circuit every resolution 
The current dn\es a kind of electrical clock with two dials, 
one show ing re\ olutions and the other hundreds of re\olutions. 
The apparatus being fixed at a vertical in the cross section of 
the stream, the meter is dropped by the cord to points equi- 
distant on the vertical, and at each the resolutions m one 
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time of transit, then v*=l/t is the velocity of the stream at the 
position of the float path normal to the cross sections 

In large streams the float paths must be observed by box 
sextants or theodolites A base line AB (Fig 127) is set out 



parallel to the thread of the stream 
Ranging rods are set up at A^, 
on lines at right angles to the base, 
usually on the lines of sun eyed 
transverse sections Observers are 
stationed at A and B with sextants 
Floats are dropped into the stream 
from a boat upstream of AAj 
As the float crosses AA X at C, the 
observer at A signals and B takes 
B the angle ARC When the float 
~‘ v crosses BB } at D, B signals and A 
takes the angle BAD An observer 


Fig 127 also notes with a chronograph the 


time between the signals All the 
data are so obtained for calculating the velocity and plotting 


the float path CD 


The best length of the float path depends on the velocity 
and regularity of the stream, lengths of 50 to 250 feet have 
been used The longer the base the less the error of the 
time observation But, on the other hand, the longer the base 


the more the floats stray about into regions of differing velocity 
In the Ganges Canal researches Captain Cunningham found a 
run of 50 feet best for the central parts of the stream, but 
near the banks this had to be shortened to 12^- feet With 


any longer run the floats strayed to the banks 

163 The screw current meter — -This was termed 
carty hydraulicxana the Woltmann AIilL In improved form 
it is the most generally useful, and if property calibrated, the 
most accurate apparatus for measuring velocity in BtTeuu^ 
A screw propeller, like that in Tig 128, delicately supported, 
drives a counter by a worm The counter can be put in or 
out of gear by a cord The meter is fixed on a tvd or length 
of gas pipe, and hold in the water m the desired position 
A rudder keeps the propeller facing the stream The counter 
is put in gear for one minute or more, and from the difference 
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of the counter readings divided by the duration of run the 
velocity is calculated- In its ordinary form the meter must 
be lifted from the water to read the counter, and cannot be 
conveniently used at greater depths than about seven feet. 

Harlacher screw current meter. — This is a current meter 
with an electrically actuated indicator showing the revolutions. 
The meter is on a sleeve which slides on a substantial hollow 
cast-iron rod, and can be moved up and down the rod by a 
cord passing down inside it. The rod is long enough to be 
firmly fixed in the bottom of the river. The cord is wound 



Fig. 128. 


on a barrel fixed to the rod, and tins has an indicator showing 
the depth of the meter from the surface. The whole apjnratu* 
is fixed on n raft which can l>e mo\ed across the stream, and 
nnchored nt each vertical nt which the velocities are to l*J 
taheu. A current from a small primary bittery pa^es down 
an insulated wire and bach by the rod. A contact-piece on 
the shaft of the screw closes the circuit eiery rcaolution. 
The current drhes a hind of electrical cloch with two dial\ 
one showing re\ elutions and the other hundreds of resolutions. 
The apparatus being fixed nt a xertic.il in the cro-s lotion ef 
the stream, the meUr is dropped by the cord to joints t*jui- 
di'-tmt on the \crtical, and at each the resolutions tn cue 
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+ A.«. + =(lI-Jl 1 )r l } (1) 

Or the \ertical %elocity curio rm) be plotted, and its mein 
ordimte found Tho meter can be used with great facility 
in rivers even m flood 


ExASiru: op Current Meter Observations on a \ertic\l 
Vertical Ao 3 

Depth at \crtical, 2 6 feet 2 h. SO in. p m 

Distance from zero of transverse section, 32 feet 
Water level on gauge, 1 C5 feet 


Depth. 

no or 
RovoluUons. 

Time 

Revolution* 
j*t second. 

Strati 

Revolution* 

1'rr‘vwnJ 

Seoclty 

Irct 

jyf Second 

03 

290 

75 



3 125 

0 3 

.10 

CO 

4 000 


0 63 

-J7 

69 

3 050 

3*953 

3 309 

0C3 

.JS 

CO 

3 9o6 

0 96 

217 

CO 

3 C1C 



0 06 

0 % 

240 

193 

CO 

CO 

4 000 

3 900 

■ 3-C37 

3 050 

0 06 

218 

CO 

3 633 



1 39 

23 1 

G5 

3 COO 



1-29 

211 

G3 

3*216 

3 419 


1-29 

250 

75 

3 413 



1*62 

1 C2 

192 

170 

CO 

CO 

3*200 

2 076 j 

■ at'S 

- COO 

1 95 

ICS 

60 

. «00 ' 


„ 1 

1 95 

1C5 

Cl 

- *0j 

. . 3 

■ j 

2 69 

I)«l of 

itrcifn 

1 


1 


Here the mean ulocit) on tin vertical Ijr eq (4) i$ 
t„ = \j{ 33 ( 1 1C - * 67 + 3-0v. + 3 301+ i C'.J 

+ ^0 3x3 32') + C5*23"5) J .<31 f rt j«t »«rr 1 


In connection with thu it nnj U mentioned tint in 
the Sum tit W ( n. t« r in 1S80 n I> 
oimnt iml<r u* -*1 hxed in « fririn m»|- n ! I hv n n 
No 12 r***»l win r’n'di d n< *t» « tl mir Tb rnrr n o 
lhO ft* w» f ani nU it S r f**t »Np. hlulrtm rt '• 
%un. i vl n* f-* «f d ! th « *> 'ert rv!v 10 «r JO U * 
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apart in the cross section. The frame carrying the meter 
was suspended from a small carriage on two 3 -inch pulleys, 
and traversed by an endless wire passing over pulleys on the 
end supports of the carrying wire. Other wires from the 
frame, carried o\ er a pulley on the carnage, served for raising 
and lowering the frame. Lastly, a wire with a cast-iron 
anchor-plate of 70 lbs. passed through the frame and over 
the carriage, and served to keep the frame vertically in position 
during the observations. Insulated wires from the meter, 
through which a current passed when contact was made at 
the meter, indicated on shore the revolutions of the meter 
(Tomer, Proc. Inst Civil Engineers, lm, 1884). In some 
cases the meter has been used by observers on a travelling 
platform suspended from a wire rope stretched across the 
stream. In a gauging of the Rhine by Baum {Proc. Inst 
Civil Engineers, lxxi. 456) the current meter was used on a 
platform between too coupled boats, sliding on a T-iron 
4'x2f' f . 

164. Calibrating the screw current meter. — The 
accuracy of -velocity observations by current meter depends 
entirely on the care and skill used in determining the constants 
of the instrument If the screw propeller were of uniform 
pitch p, and if it were fnctionless, then it would make one 
revolution for p feet of water passing it The relation of 
velocity r and revolutions per second n would be r=jm In 
any actual instrument the=e conditions are not satisfied. At 
some velocity r 0 (about 4 inches per second or less) the meter 
ceases to revolve, being held by friction. Also the pitch 
cannot be accurately measured. Hence the relation of r and 
n must be determined by experiment It is genenlly assumed 
that the form of the relation is linear, so that 

r = an + /3 (5X 

where a and /S are constants and n the velocity at which 
rotation ceases. Exner has «hown tint the following equation, 
on theoretical grounds, is more exact and bet Ur agrees with 
experiment : 

r« X '(«V + /T) . (6). 

But when the lowest vehvvta v* not less tl an 1 foot per 
second, eq (5) is pmcticdly aevunte and reore convenient. 
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requiring a good dcil of care. It should be repeated manj 
times to eliminate errors. A better plan is to fix the meter 
on a truck running on nils alongside a quay walL Slow 
velocities are best obtained bj towing the meter by a wmeh 
Sometimes one current meter can be calibrated by comparing 
it with another previously calibrated- It is not very satis- 
factory to obtain the constants by placing the meter in a 
stream the aelocity of which has been determined by floats, 
but perhaps good results would be obtained if the speed of a 
stream was determined by a Pitot tube and the current meter 
used in the same stream nt the same place A check on the 
calibration of a current meter has sometimes been obtained 
by using it to measure the aolume of flow in a channel the 



F13 131 


discharge of which was also measured by a weir In a few 
cases the constants of metcre have been ascertained by towing 
them m the Admiralty tank at Torquay, m which ship models 
are tested. The means of registering time and speed are so 
perfect in this case that the results are very trustworthy (see 
Gordon, Proc Inst Meek Engineers, 1884) 

165 Pitot tube and Darcy gauge — A very earlj 
instrument invented by Pitot in 1730, employed in a modified 
form by Darcy and Bazin m their classical researches, has 
again come into use in determining the velocity of currents of 
water and air Suppose a bent tube, such as that shown in 
Kig 131, immersed in a stream of water When the mouth 
of the tube points upstream as at A, the impact of the fluid 
produces a pressure which raises the water in the tube to a 
height h abo\e the surface outside If, as at B, the month is 
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parallel to the stream, there is no impact, and the water inside 
and outside are at the same lea el If, as at C, the mouth 
points downstream there is a certain amount of suction and 
the level m the tube is depressed by 
some distance h x Pitot used two 
tubes arranged as at A and B, and 
found that the difference of level was 
\et) nearly v"/2g Hence tho special 
advantage of this instrument is that, 
if properly constructed, it is almost 
independent of the need of calibra- 
tion 

An objection to the original Tito t 
gauge was the difficulty of reading the 
height h when the gaugo was m the 
water This is overcome in the modified 
Darcy gauge shown m Pig 132 The 
gauge is shown clamped at B on a rod 
AA resting on the stream bed The 
tubes corresponding to A and B in 
Fig 131 are at d, being made very 
small to avoid disturbing tho flow The 
mouth of the statical tube opens down- 
wards. Tho tubes (l communicate with 
tho glass tubes b, h, which can be shut 
ofT by a two way cock c actuated by 
cords. In order to bring the water 
columns in b, b into a convenient po**i 
tion for rending a partial vacuum is 
mndo above them by sucking out a 
J 1 1 _J jj J little air by the tubo rn and then 

£L.***^*L / closing a cock at a The ili/finnct 

of height of the columns is not altered 
by mining them Tho columns hiving 
come to rest, the cock c is closed and 
n* 132 . the n iduigs t ikui by vmners. >or 

a velocity of one foot f*r reond 
A«=018G inch, which is nth«r fin ill but h iiicuvhs n« 
tho pquaro of the velocity, so tint at i fict j*r rvcoml A** f 
inches nearly 





that the true vale** ff i (' -J t t 'r ** ,f •* fr ' r * *j 
White (Jvurru Art Alv* rj }rg }• * ll'Ol , * * d V, /U t * 
Hulhell, and IcnUI! ( Trarj An. J s /•/ ( \r l } TfJ t*rn 
1902), found that if tl* t' }*-? 7**11 f r 1 '} if *■ 

coefficient vras unity Thr-lWl (J'r' Jr A t Jr,) Jrjr/rrt, 
using Pitot tulx-s in a cv.rt ,r *. t* &: w f •**!•* 0"974 , *fA 
Stanton, tn extremely acrc^st* rxjs~i’ *_> r»y tl *- fssyt r{ 
air, found J. = 1 03 (/Vo** /nr? f\ri/ Fn/jx^m 1 90 j, 

The chief cans** of of th* */✓"/ *r t >**-; r t*> U- 

tbe action on the month o r tl * * t, t yil j r*?» ,r* tn)/ Jf tl j* 
is at all large, the stream hr*-* ar* i/t l tJit .» to tf r 
CFig 133), and th**rr i« a fh^ht f r V\u/ m\u-u vr} Uh j///* */* 
This may lx* obvuuA \ij a \ hts *hv f t *jt\ to j* f 

as m Pig 134 A good artAt»/< uj nt n to form tl * %>>)/ * 


- % 


Fig 135 


corresponding to P lbs per square foot is P/G Or if the 
pressure is measured in inches of water h w , the head is 
5 2 h w /G m feet of air Then 

v = k n/(2<7P/G) = k V{10 4 ghJG) 


If the air is at ordinary pressure and temperature, and 
L — unity, 

v = 64 6 •Jh w (12) 


166 Ratio of different velocities m a stream Surface 
and mean velocities — In reducing gauging observations it 
is necessary to know the relation of the velocities at different 
parts of a stream Thus a rough gauging may be made by 
obser\mg the greatest surface velocity only, if the relation of 
the mean to the greatest surface velocity is known 

Let V be the mean velocity of the whole cross section, and 
v 0 the greatest surface velocity, which may be found by using 
a surface float or current meter If 12 is the area of cross 
section the discharge is Q = GV Darcy and Bazin deduce 
from their researches on small regular channels that 


V = v 0 - 25 4 Jmi ( I3 ) 

But Y = c s/nii, where c is a constant for a given typo of 
channel (§ 137) Hence 

y = c — (I3a) 
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Tho following table gives values of Y/v Q for the values of 
cm §138 — 


Hydraulic 
Mean Depth 

Values of V/r 0 for Darcy s Classes of Channels 

in Feet 

I 

II 

III 

IV 

\ 

0 5 

84 

81 

74 

50 

51 

1 0 

85 

83 

78 

6G 

58 

20 

85 

83 

80 

71 

G5 

50 

85 

84 

81 

7G 

71 

10 0 

8G 

84 

82 

79 

74 

20 0 

8G 

84 

82 

80 

7G 

50 0 

8G 

84 

82 

81 

78 

CO 

86 

84 

82 

81 

78 


The ratio decreases as the size of channel decreases, and 
still more considerably as the roughness of the bed increases. 
In small wooden channels, probably fairly smooth, Prony found 
V/v o =0 82 In the smooth brick conduit at Sudbury, with 
a depth of 3 feet, the mean velocity was 0 85 of the maximum 
velocity observed, and about 0 9 of the central surface velocity 
In the Vymwy stream gauged by Mr Deacon, the bed width 
was 33 feet, with side slopes 2 to 1, the bed and sides being 
pitched with stone and the gauging section lined with concrete. 
Here m extreme cases the ratio varied from 0 78 to 0 94, the 
mean of all observations being 0 834 

In rivers with greater roughness and less well proportioned 
sections the ratio falls to much lower values 


[Table. 




286 


HYDEAULICS 


ciur 


The half depth % elocity was 1 per cent greater than the 
mean velocity at a vertical The rod float velocity was about 
4 per cent less than the mean The mean velocity was com 
puted from double float observations 

Wagner found the mean velocity at a vertical to be 0 8 of 
the surface velocity at the vertical when the surface velocity 
was not greater than 2 feet per second. The ratio was 0 85 
for velocities from 2 to 4 feet per second, and 0 9 for velocities 
from 4 to 10 feet per second 

The depth at which the maximum velocity is found at 



the central vertical is from 0 to 0 3 of the whole depth On 
other verticals it varies a good deal according to the form of 
the channel section The position on a vcitical at which tho 
velocity is equal to the mean velocity is fairl) constant and 
equal to 0 58 to 0 G of the whole depth Tho mid depth 
\eloeity is very slightly greater than the mean v elocity 

IfiS Surface or rod float gauging- — Tig 13G shows 
a gauging of the Thames bj surface floats Two sections 
I and II were surveyed at the ends or a 200 foot base hue 
These sections are divided into ten compartments of equal 
width Between the sections tho float paths aro plotted A 
base line AB is taken midwaj between the sections and at 
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the points where the float paths cross the line AB the 
observed velocities arc set up as ordinates. Through the 
points so found the surface velocity cunc is drawn The 
curve of mean aelocities on verticals can be found from this 
by taking ordinates 0S5 to 0 95 of tho c e of the surface 
velocity curve, according to the character of the stream Let 
n,. fl. be the mean areas of the ten pairs of compartments 
in the two end sections in square feet, and rj.tj . the mean 
ordinate of the cunc of mean velocities corresponding to each 
compartment in feet per second. Then the discharge of the 
stream is 

Q = fljTj + n,r. + + O 10 r 10 cubic feet per second (16) 

The mean aelocities might have been observed directly 
by using rod floats or sub surface mid depth floats. In that 
case the uncertainty due to the selection of the ratio of surface 
to mean velocity is obviated. The following table gives the 
results of the gauging shown in Fig 136 The mean i elocities 
on the \erticals are taken at 0 93 of the surface velocities. 


River GacodsO, October 1877 


Compartment. 

Mean Area 
of Section, 
Square Feet. 

Mean Surface 
\ elocity 

Feet 

per Second 

Mean \ elocity 
Feet 

per Second. 

Discharge 
Cubic Feet 
per Second. 

L 

59 2 

409 

380 

22 5 

IL 

93 5 

659 

613 

57 0 

IIL 

111 8 

905 

842 

93 9 

IV 

128 1 

1 206 

1 120 

143 5 

Y 

138 2 

1 710 

1 590 

219 7 

YL 

153 3 

1 798 

1 670 

256 1 

VII 

157 3 

1 631 

1 520 

230 1 

VIIL 

144 1 

1 421 

1 339 

190 2 

IX. 

116 4 

1 115 

1 037 

121 0 

X 

44 2 

579 

538 

25 7 




Total 

1368 7 


169 Discharge curve, — A iery convenient method of 
deducing the discharge from a cun o of mean velocities on 
verticals is to construct a cuno with the strum width as ba«e. 
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and ordinates proportional at each point to the discharge at 
that point 

Let aeB ( Fig 137) be the stream section, A/B the curve 
of mean velocities on verticals Take ab = af=v, ac=l = 
any convenient unit Join ce, and draw Id parallel to it 
Then d is a point on the discharge curve 



If D = fte is the depth, and v = af-ab is the mean 
velocity at ft, the discharge for any small portion dz of the 
width of the stream at a is Dvdx, and the whole discharge of 
the stream is 

Q = £ Di dx 

But ad (ae x ab)((ac), that is ad = (pv)(k Lot y~ad, 
then 

Q = lfydx (17), 

that is, the whole discharge is proportional to the area of the 
curve ArZB 

If the area of the curve is measured iu square inches, ami 
the scales arc m feet per second and n feet to one inch, and k 
is set off in inches then the area of the curve must be 
multiplied by mnk to give cubic feet per second 

170 Calculation of discharge from the vertical velocity 
curves — If the vertical velocity curves have been drawn from 
current meter observations at different depths, the discharge 



Sill 


GAUGING OF STREAMS 


289 


between each pur of verticals can be regarded as the volume 
of a truncated pyramid having the velocity curves as bases 
Let b v b t (Fig 138) be the distances between the 



verticals’, a v a 2 the areas of the vertical velocity curves 
Then the discharge between the verticals m — 1 and m is 

The discharge of the two end sections may be taken as the 
volumes of pyramids on the bases ct x and a n Hence the whole 
discharge is 

Q = - S y J (»m-i + V(Om ,o m ) + «..} + K«A + °iA>) (18) 

If the vertical velocity curve is plotted so that m feet per 
second = one inch, and n feet of depth = one inch then 
one Bquare inch of area represents mn square feet of water 
passing the vertical per second. The areas of the curves 
measured in square inches should bo multiplied by mn and 
the widths taken in feet in the equation, to get the result in 
cubic feet per second. 

1 71 Calculation of discharge from contours of equal 
velocity — If contours of equal velocity have been plotted, 
as iu big 116, § 147, a method due to Culmann may bo 
used Let n o be the area of cross section of the stream, and 
n„ flj the areas included m the successive contours, 
theso should bo reckoned m square feet, so that if the scalo is 
wi feet to an inch the areas measured in square inches must 
bo multiplied bj m* Let rf be the intervals of velocity for 
winch the contours are plotted in feet per second. Then the 
di«chirge of any one lajtr of thickness d is + 

19 
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The top layer of small volume will usually have a thickness 8 
less than d, and its volume may be reckoned with accuracy 
enough as J Hence the whole discharge is 


Q = fk±£.rf + «ii^ 


fin ,+fi, 


?d+~Sl n 8 


= d{2n-5o±jL»} + 2 finS (19) 

172 Gauging streams by chemical means — Mr C E 
Stromeyer has experimented with a chemical gauging method 
( Proc Inst Civil Engineers clx 349) A fairly concentrated 
■solution of a chemical for which a sensitive reagent is known 
is discharged at a uniform rite into the stream to be gauged 
Analyses are made of the water before the chemical is added 
and after it has become well mixed with the stream Let x 
be the percentage of chemical in the solution, y the percentage 
found m the water, a the volume of solution added per secoud 
and Q the discharge of the stream 
z _Q 

y~ * 

Chloride of calcium, of magnesium, or of sodium and other 
chemicals may be used 



CHAPTER XIV 

IMPACT AND TEACTIOS OF FLUIDS 

173 When a stream of fluid impinges on a solid surface, it 
exerts a pressure on the surf icon Inch is equal and opposito 
to the force exerted b) the surface on the fluid in changing 
its momentum 

If a fluid glides oxer a solid also moxing tho motion of 
the former can bo resolxed into two components — one a motion 
xx Inch tho fluid and solid lnxc m common, the other a motion 
of the fluid rclatixel) to tho solid The motion xvhich tho 
fluid lias in common with the solid cannot be affected by their 
contact Tho rclatixc component can be altered in direction, 
hut not in magnitude, for the relative motion must be 
tangential to tho surface, xxlnlo the pressure between the 
fluid and solid (friction being neglected) must bo normal to 
the surface The pressure can deviate the fluid, hut cannot 
alter the magnitude of the relative motion The absolute 
velocity of the fluid after contact with the surface, is found 
bj combining the deviated but otherwise unchanged relative 
motion, tangential to the solid at the point where the fluid 
leaves it, with the common velocity of fluid and solid 

The principle of the conservation of momentum has 
already been explained in § 35 The impulse of the mas3 
of fluid impinging in a given time is equal to the change of 
momentum, the impulse and change of momentum being 
estimated in the same direction. If Q cubic feet or GQ jg 
units of mass impinge in one second with a velocity v, in a 
given direction and v 2 is the velocity in the same direction 
after impact then the pressure exerted, also in the same 
direction, is 
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The top layer of small volume will usually have a thickness 8 
less than d, and its volume may he reckoned with accuracy 
enough as ® Hence the whole discharge is 




\-n n 




= + ( 10 ) 

172 Gauging streams by chemical means — Mr C E 
Stromeyer has experimented with a chemical gauging method 
( Proc Inst Civil Engineers, clx 349) A fairly concentrated 
solution of a chemical for which a sensitive reagent is known 
is discharged at a uniform rate into the stream to be gauged 
Analyses are made of the water before the chemical is added, 
and after it has become well mixed with the stream Let x 
be the percentage of chemical in the solution, y the percentage 
found m the water, a the volume of solution added per second, 
and Q the discharge of the stream 

* = Q 
y & 

Chloride of calcium, of magnesium, or of sodium and other 
chemicals may be used 
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IMPACT AND REACTION OF FLUIDS 

173 When a stream of fluid impinges on a solid surface, it 
exerts a pressure on the surface which is equal and opposite 
to the force exerted by the surface on the fluid in changing 
its momentum 

If a fluid glides over a solid also moving, the motion of 
the former can be resolved into two components — one a motion 
which the fluid and solid have in common, the other a motion 
of the fluid relatively to the solid The motion which the 
fluid has in common with the solid cannot be affected by their 
contact The relative component can be altered in direction, 
but not in magnitude, for the relative motion must he 
tangential to the surface, while the pressure between the 
fluid and solid (friction being neglected) must be normal to 
the surface The pressure can deviate the fluid, but cannot 
alter the magnitude of the relative motion The absoluto 
velocity of the fluid, after contact with the surface, is found 
by combining the deviated but otherwise unchanged relative 
motion, tangential to the solid at the point where the fluid 
leaves it, with the common velocity of fluid and solid 

The principle of the conservation of momentum has 
already been explained in § 35 The impulse of the mns3 
of fluid impinging in a given time is equal to the change of 
momentum, the impulse and change of momentum being 
estimated in the same direction. If Q cubic feet or GQ jg 
units of mass impinge in one second with a velocity rj in a 
given direction, and t a is the velocity in the same direction 
after impact, then the pressure exerted, also in the samo 
direction, is 
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p =T^'^ Ibs 


(i) 


174 Jet deviated wholly in one direction —Let a nt 
of water (Fig 139) impinge on n curverl trough -shaped \ me 



fV 135 

at, fo that it 11 dtMiUd in the plant, of tlu fi„un I/t 
n pro* nt in ungnitu I nm! direction th vlout* r < f t! )' 
tuul *3 « that of tlu vwi« (iinjUtm* th pardl 1 A** 1 1 
«/ «=*r mu lx n^ohed into two <oinjK»n nt* — wl»Uv w 
co muon with tlu um «r«i mil n >i)*.itr nlUi'* l > tl 
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vane {t<f=tv In order tint there. may be no shock or 
disturbance of the water nt a, the tangent to the lip of the 
vane mu«t be parallel to ad The water glides up the vane 
with the velocity and Ieaaes it tangentially with this 
relative velocity unchanged. Taho ef tangential to the aane 
and equal to «•„ and eg equal and parallel to the common 
velocity ac — tu Completing the parallelogram, eh is the 
absolute aelocity and direction of motion of the water leaving 
the vane Take aJ. equal and parallel to eh, ond jom Jb, Jx. 
Then the initial aelocity and direction of motion al are 
changed during impact to a! , and Jb = to is the change of 
motion If Q cubic feet of water impinge per second the 
pressure on the aane is m the direction Jb and equal to 


Since aJ is equal and parallel to eh and ac to eg, 7c is equal 
ond parallel to hg, and therefore to ef Hence el , cb are each 
equal to tv and parallel to the initial and final directions of 
relative motion It is unnecessary to consider the common 
velocity in treating the problem. The change of motion Jb 
is represented in magnitude and direction by the third side of 
an iso , ?celes triangle eJ 6, the other sides of which are equal to 
the relatne velocity and parallel to the initial and final direc- 
tions of relative motion. 

175 A jet of water impinges axially on a solid of 
revolution, which is moving in the same direction. 

The section of the jet (Fig 140) is suppo^ much smaller 
than the solid The water is deviated symmetrically in all 
directions and flows away at an angle 6 with the axis, each 
elementary stream being deviated through the same angle. 
From the symmetry of the conditions the resultant pressure 
on the solid will be axial. Let v be the velocity of the water, 
u that of the solid. Since the common velocity is the same 
before and after impact, it may be disregarded. Parallel to 
the axis the relative a eloeity is r — u before impact, and after 
impact its component in the same direction is (c — u) cos 6. 
If &> is the section of the jet, the quantity of water impinging 
per second is — u), and its mi's is Go>(r — v)jg The 
resultant pressure on the surface, which is equal to the 
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change of momentum per second, estimated in the same 
direction, is 

P S J«(»“ «){(* -«)-{*-*) c°3 (?) 

= ~ w (® _ «) 2 (1 ~ cos $) lbs (2) 


Fig HO 

The work done by the water in driving the solid is 

P« = — oju(v ~ u) ? (l - cos 6) ft lbs per second (3) 

If the solid is at rest, u = o, and then 

P = — wtfifl - cos 0), 

<? 

and no work is done The work done will also be zero *f 
« = v Henco there must be an intermediate ratio of « to t, 
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for which the work is a maximum. The total energy issuing 
from a fixed nozzle would be 


G 

->0)V 

9 


G 3 


and the efficiency of the arrangement, considered as a means 
of utilising the energy of the jet, is 


V ~ 


2u(t - u)°(l - cos 6) 

t 3 


(4) 


Differentiating and equating to zero, 

^ = 4m + u 2 = 0, 
a u * 


whence rj is a maximum if u = vfZ Inserting this value. 


Vmaz = 07 (! “ C03 6 ) 


( 6 ) 


In a number of h) draulic machines, a jet acts on a series 
of xanes which succeed one another m the same position at 
very short intervals of time Such i anes are attached to a u heel 
and therefore have a circular path But the path of each 
during the action of the jet is \ery short, and if the radius 
of the wheel is large, the cunaturc of the path may bo 
neglected Then the quantity of water per second which acts 
on the series of vanes is tav, and the equations become 


P = ^wr(r-«)(1 - cos 0) lbs (C) 

t Pu = ^ wru(r - u)(l - cos 6) ft lbs per second (7) 

2u(r - u)(l - cos 0) 

The efhcienc) is greatest if u — r 2 and then 


■= §(1 " cos °) ( 6 ) 

17G Special Cases — Case L A jet impinges normally 
on a plane moving in the same direction. — Let r (Jig 141) 
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change of momentum per second, estimated m the same 
direction, is 

P s= ^ u(v - «){(» - tx) - (v - it) cos 0} 

= -cose) lbs (2) 
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for which the work is a maximum. Tho total energy issuing 
from a fixed nozzle would be 


G r 2 


— > wr — 
9 2 


-Oil 3 , 


and the efficiency of the arrangement, considered as a means 
of utilising the energy of the jet, is 


V = 


2u(r- u)*(l - cos 6) 

t 3 


(4) 


Differentiating and equating to zero, 

^2 = t 5 - 4 ni + u ! = 0, 

du 


whence i;isa maximum if u = vj3 Inserting this value, 


tjmaz — 


^(i -cose) 


(5) 


In a number of hydraulic machines, a jet acts on a series 
of vanes which succeed one another in the same position at 
very short intervals of time Such vanes are attached to a wheel 
and therefore have a circular path But the path of each 
during the action of the jet is ■very short, snd if the radius 
of tho wheel is large, the curvature of the path may be 
neglected. Then the quantity of water per second which acts 
on the senes of v anes is tar, and the equations become 


P = ^ wr(r — u)(l - cos 6) lb» (6), 

Pu = ^ wtn(r - u)(I - cos 6) ft lbs per second (7), 

2u(r ~u¥l - cos 6 ) 

V== ? 

1 

The efficiency is greatest if « = v/2, and then 


W = 4(1 -cos 6 ) (8) 


17C Special Cases — Case! A jet impinges normally 
on a plane moving in the same direction —Let v (Fig 141) 
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be the velocity of the 



jet, nnd u tlmt of tbo plane. The 
rclativo velocity is r— u. If is 
the section of the jet, the quantity 
of water which reaches the phne is 
6)(r — u) cubic feet per second. In 
the direction of the jet the initial 
velocity of the water is v, am! its 
final velocity after impact is it. The 
pressure on the phne, which is equd 
to the change of momentum jir 
second, is 


P 


G 

9 


t>(r - u)(r - 


«) 


rig m 


i^r ~ u) ! lbs , 


and tho work done in timing the j>hno is 
0 

Vu *s ^ u(r - u)V ft Jhj per second. 
This is a maximum for it » r 3, and then 


IV 


t a 

27 9 


nr* ft lbs j>cr second. 


Then? results uiii be obtained bv putting 0^00 in iq* -) 
nml (3). If the plane is at n«t, « f* 0, nnd then 


9 

It npjM’irs that if the ana of th»* phn<* is h*s t! »•> l*> 
times the on 1 of the J< t, the « fiVcti'e delation H /<-♦ (I «n 
90’, ami the pn*'*un* is 1« ** 

Case II. A series of plane vanes are Interposed In 
front of the jet in succession. — Tl»* ctl.r « * * 
e i|l->.il ll *• nr.'’ ns in t* U*t c Thi* nrr » r ,*» ’ r ' ,J l * 
rn'/My »1 nti d with that »>f nti ur hr-' *. wh«*l with j’*' 
f >at* wh. h mUr in r s«- u »n font rf n r*v ’ > ■ 
autht*- a.! . itr i!i ♦ t-» t 1 - Ini I’rmi,' t! r vbd 71 ’ 
quantity « f w i». r e ti» ►* ! « •) t‘ w •* »’ fc,r ‘ 

f'« 1. Tl ■* j *» •* .'<■ t n t* f T* *: i if »Vf* n 
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P - — caJ^r - u) 1I)S 


The work done in dming t!ie \nnes is 

G 

P« » — wr«(r - w) ft. lbs per Bccond 

This is n maximum if «s=t/2, mid tlicn 

rii^I-ur 5 
4 <7 


Tlie«c results can be obtained bj putting 0=90° in eqs (6) 
and (7) 

Case lit A jet of water impinges on a senes of hemi 
sphencal cups moving in 
the same direction (Fig Zu-u 
142) — Here the water is 
donated through ISO® The 
initial rehtive aclocity is 
v—u, and the final — (u — «) 

= « — r, both parallel to the 
direction of the jet The 
quantity of water impinging 
per second is wv cubic feet 

P = ^ wr((r - ti) - (u - r)} 

= 2 — wr(t> - u) lbs 

9 F»g 142 

The work done is 

Pu=2® wt*u(r - u) ft lbs per second 
This is greatest when u = r/2 so that 2« — v = 0 and then 
Pu max = ^ wr 3 ft lbs per second, 

or equal to the whole kinetic energy of the jet This roughly 
corresponds to the case of the Pelton wheol which on high 
falls reaches an efficiency of 0 8 or more the loss being due 
to friction and imperfect de\ lation of the water as the buckets 
pass m front of and away from the jet. 
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177. Pressure of a steady stream of limited section on 
a plane normal to the direction of motion — Let CD (Fig 
143) be a thin plate normal to the axis of a pipe through 
which water is flowing, which for simplicity is taken horizontal 
The elementary streams, parallel at A^, are deviated m front 
of the plate, form a contraction at A lt and then com erge, 
leaving a mass of eddies at the back of the plate, and at 
some section A 2 become parallel again It may be inferred 
from the convexity of the stream lines in front and the 
concavity behind the plate that there is an excess pressuro 



in front and a negative pressure behind tho phto, the sum 
of which forms the reaction It causing changes of momentum 
in the water, and which is equal and opposito to the tota 
pressure of the water on tho plate Since the same amount 
of vater at the same velocity passes the sections A 0 A 2 in a 
gnen time, the kinetic energj flowing in and out is tho same, 
and the external forces actiug on the mass between A 0 an< 1 t 
must he balanced Let fl he the section of the stream a 
A 0 or A«, and ta the area of the phto CD The area o >° 
contracted section of the stream at Aj is "" “)' '' ,cre c ' \ 
a coefficient of contraction For simplicity let ft/v *=p 
n/{ Ct (n- B )}=r Then r = p/{ c Ap — 1)} I>ot . tl.o 
aelocity at and A., and the leJocity at A, 


<**(!.» - «-) 
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Let p 0 p u p 2 be the pressures at A^ A v A, respectively 
Applying Bernoulli’s theorem to A„ and A lF 


a* 

G 


2 q G 2 g* 


and similarly for A t and A 2 , allowing for the loss in shock 
due to the relative velocity r t — v (§ 36) 


Pi 

G 



(Vj-Vf 
2 9 ’ 


P\_P* 

G“G“ g * 


Po-P2° g 


(t t -t >r 
2? ’ 


or replacing v l by its value above 
Po~Pz~ G ( r ~ 


The external horizontal forces acting on the macs between 
Aq and A 2 are the difference of the pressures on the sections 
A 0 and A 2 and the reaction of the plate CD, and thece are in 
equilibrium, there being no resultant change of momentum. 
Hence 

(Po-p 2 )n- R = 0 » 

and the total resultant pressure on CD is 


R = Gfl(r-l)’J- = G pw (r- 1)% 


vi here K is a coefficient depending onl) on p and c ? 
c e = 0 85, 


p= 

3 

4 

10 

50 


K= 
3 C 
1 8 
1 3 
*9 
2-0 


Thus if 


As p increases, K diminishes to a minimum and then increases. 
This is not intelligible, and therefore c t cannot have acon s tant 
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ca«e of the longest prism it would seem that the men. i«e of 
resist nice is due to skm friction For n plane one foot 
square mo\cd in still water Dubuat found Ky= 1, K> = 0 433, 
K « 1 433 Morin, Piobert, and Didion found K — 1 3G ftr 
planes mo\ ed normally through air, and Tlnbault obtained a 
meau inlue K = 1 83 

ISO Stanton’s experiments 1 — A 'cry careful research 
has been carried out by Dr Stanton at the National Physical 
Laboratory The solids were placed m a cylindrical trunk 
2 feet in diameter and 4 feet 0 inches long, through whuh 
ft steady current of air was drawn by ft fan It was found 
that if tho area of a plane placed m tins trunk was more 
than. 1-I44th of the cross section of the trunk, there was a 
perceptible increase of lesistmcc due to the nction of the sides 
of the trunk which caused an inert iso of the negatne luck 
pressure Hence the experiments were hunted to \cry small 
pi mes The nmuinum intensity of front pressure nt the 
centre. of a circular or square plant, normal to tho turnnt, 
was always aery approximately 




lbs per square foot, 


and the intensity of pressure diminished tow irds tin edgt» 
At tlio lm.lv of the Jilatc there uni u no^ttiu. pnnur. m irl) 
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The average value of K t was 0 48 for a circular ami 0 67 for 
a square plate. So fir ns the tests went, tho total resistance 
of similar plates when nonnal to the stream was directly 
proportional to the area. The total resistance of square or 
circular plates, normal to the stream, the -velocity of which 
was r feet per second or V miles per hour, was 

P « 0 001 SGr 2 » 0 0027V 1 lbs per square foot, 

which is ncarl) in agreement with tho result obtained by 
Mr Dines, namely, 

P« 0 0029V* 


If the weight of n cubic foot of nir nt GO" nnd 1 ntra is 
tahen nt 0 0764 lb, St inton's result can be put in the form 

Pel 061G ^ lbs per square foot. 


and using the result as to negative pressure stated above, this 
gives 
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following are some examples deduced from Dr Stanton's 
* results — 


Dimensions 

Inches 

Ratio of Length 
to w nth 

Total Pressnro in Lhi 

3 Xl 

3 

P= 00134t rt 

3 75 x 75 

5 

00135i" 

50 x 5 

10 

001 51i" 

7 5 X 15 

50 

00501 r 2 


181 Pressure on solids of various forms- — -When a 
solid body is presented to a stream the front pressure is 
modified if the face of the body is not plane, and the bach 
pressure if the form of the body interferes with 01 facilitates 
the convergence in the wake. If l is the ratio of tho total 
pressure on the solid to the pressure on a tlun plate normal 
to the stream and of area equal to the projected arci of the 
solid normal to tho stream, then 

U Direction of etrcnm 
Sphere 0 3 1 

Cube 0 80 Normal to f ice 

„ 0 CG Parallel to di i^onnl of face 

Cylinder (height *= diameter) 0 47 Isonnal to axi« 

Cone (height *= diameter of base) 0 38 P trallel to ba*c 

182 Pressure on planes oblique to tho direction of 
the stream — I>ct 1 ig 1 15 rc 
present a plane mot mg in a 
fluid at rest in the direct m 1*\ 
making an angle 0 with the 
norm tl to tho plane, or ton 
tersely a pi me nt rist m a 
Btrcun moving in tho (Inaction 
Ik 1 he iwiltmt prt-mru on 
the pi mo will be a normal pn s - 
Biirc N, with n comjKmuit It in 
the direction of motion and a 
literal comjMimnt L h“i tedlv 

tin, supports of the pi tin Obwomdv 

Kt-N cos 0, 

Lv N tin 0 
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The simplest expression for the pressure on the plane in 
the direction of motion is that of Duchemin, 

2 cos 2 0 

R =5 P 1 + C03 2 "q lbs per square foot, 

where P is the pressure per square foot on a plane in similar 
conditions normal to the direction of the stream. Conse- 
quently the normal pressure on the plane is 

jt p 2 cos 6 u 2P 

1 + cos 2 6 sec 6 + cos 6 

The following table contains some results calculated by 
this rule Dr Stanton experimented on a small plane 3 inches 
by 1 inch, with a velocity of stream of 21 feet per second. 
He found the remarkable result that the normal pressure was 
different according as the short or the long axis of the rectangle 
was normal to the current Further, in the case of the long 
axis normal to the current, the normal pressure for an inclina- 
tion of about 45° was considerably greater than when the 
pline was normal to the stream 


Normal Pressure on Thin Pla>es 



i .r u « of n/p 

Angle 6 




By Ducliemm a 
Rule. 

Stun ton 


Long Ails Normal 

Short Axis Normal 

0 

1 00 

1 00 

1 00 

15 

1 00 

1 00 

97 

30 

99 

1 01 

87 

45 

94 

1 11 

79 

60 

80 

88 

71 

75 

49 

30 

64 

80 

34 

16 

5G 

85 


08 

34 

90 

0 

0 

0 


In 18 “7 2 some experiments were made for the Aeronautical 
Society on the pressure of air on oblique planes These plates, 
of 1 to 2 feet square, were balanced by ingenious mechanism 
designed by Mr Wenham and Mr Spencer Browning, in such 

20 
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a manner that both the pressure in the direction of the air 
current and the lateral force Here separately measured These 
planes were placed opposite a blast from a fan issuing from a 
wooden pipe 18 inches square The pressure of the blast 
■varied from ^ to 1 inch of water pressure The following 
are the results given in pounds per square foot of the plane, 
and a comparison of the experimental results with the pressures 
given by Duchemms rule These last values arc obtained by 
taking P =» 3 3 1, the observed pressure on a normal surface — 


6 = 



70“ 30“ 

°“ 

Horizontal pressure It 

1 04 

0 01 2 73 

' 3 31 

Lateral pressure L 

1 1 G 

1 90 1 2G 

0 

Normal pressure \/L 2 + It 

1 1 G5 

2 05 3 01 

3 31 

Normal j re=sure by Duchemin s rule 

1 G05 

2 027 3 27G 

331 | 


Lord Rayleigh obtained theoretically tho expression 


N, = P 


(4 + r) sin 6 
4 + - sin 0 * 


but this giv es the normal component of the front pressure onl) 
Dr Stanton found the variation of total normal pressure with 
inclination to be v cry different in the case of rectangular plates 
according ns the longer or shorter side 
was perpendicular to the stream 

183 Distribution of pressure on 
an inclined plane — In the tare of a 
plane inclined to a stream there is tm. 

r excess of pressure at the forward part 
and less pressure sternw nrek I ig ldG, 
from Dr Stanton’s results, shows goner* 
nllj the distribution of positive procure 
on the windward nnd negative pressure 
on the leeward side of a plane nt 15 
to the direction of nn air current 
Cleirlj tho resultant pressure does u<t 
14c< act through the centre of the jlm* 

Converrel), if n plane is ] noted uhout 
an axis eccentric to its centre line and pi iced m a ft re mi 
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Jfc will assume a position inclined to the stream such that 
the resultant normal pressure passes through the axis 
about which it can turn If, therefore, planes pivoted so 

that the ratio ^ (Fig 147) is varied are plated rn water, and 
the angle they make with the direction of the stream is 



Fig 147 


observed, the position of the resultant of the pressures on the 
plane is determined for different angular positions Experi- 
ments of this kind have been made by Hagen Some of his 
results are given in the following table — 



a + b 

\ alnes of £ 

Larger Flane 

Smaller Plane. 

Calculation. 

1 0 

500 


90* 

90' 

09 

474 

75* 

72i 

C6J 

08 

446 

GO 

57 

65 

07 

412 

48 

43 

45 

OG 

375 

25 

29 

35t 

05 

333 

13 

13 

2Gi 

0 4 

280 

8 


1C* 

0 3 

231 

e* 


fi 

0 2 

IG7 

4 




Jotsscl has gnen the formula 


— = 0 2 + 03 sin A. 
a + b 


The last column in the table abo\ e gives angles calculated by 
this rule. 
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a manner that both the pressure m the direction of the air 
current and the lateral force were separately measured These 
planes were placed opposite a blast from a fan issuing from a 
wooden pipe 18 inches square The pressure of the blast 
varied from & to 1 inch of water pressure The following 
are the results given in pounds per square foot of the plane, 
and a comparison of the experimental results with the pressures 
given by Duchemin’s rule These last values are obtained by 
taking P =» 3 3 1, the observed pressure on a normal surface — 




e 

- 


U- 

70° 

| 30 4 

O’ 

Horizontal pressure K i 

0 4 

0 GI | 

2 73 ; 

3 31 

Lateral pressure L 

I 6 

1 96 | 

|l« ! 

O 

Normal pressure >/L 2 + 

1 65 

1 2 05 

13 01 

1 331 

Normal pressure by Duchemm’a rule 

1 605 

2 027 

3 276 | 

3 31 


Lord Rayleigh obtained theoretically the expression 
p (4+T-)sinfl 
7 4 + r sin 0 * 


but this gives the normal component of the front pressuie only 
Dr Stanton found the variation of total normal pressure with 
inclination to be very different m the case of rectangular plates 
according as the longer or shorter side 
was perpendicular to the stream 

183 Distribution of pressure on 
an inclined plane — In the case of a 
plane inclined to a stream there is an 
excess of pressure at the forward part 
and less pressure sternwards. Fig 146, 
from Dr Stanton's results, shows gener- 
ally the distnbution of positive pre^suro 
on the windward and n cgitnc pressure 
on the leeward side of a plane at 45* 
to the direction of an air current 
Clearly tho resultant pressure docs not 
act through the centre of tho pbne 
Contersely, if a piano is pnoted nh°nt 
an axis eccentric to its centro line and placed in n stre >m, 


Front 
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it will assume a position inclined to the stream such that 
the resultant normal pressure passes through the axis 
about which it can turn If, therefore, planes piloted so 

that the ratio g (Fig 147) is aaned ore placed in water, and 
the angle they make with the direction of the stream is 



Fig 147 


ob e ervcd, the position of the resultant of the pressures on the 
plane is determined for different angular positions Experi- 
ments of this kind have been made by Hagen Some of his 
results are gnen in the following table — 
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184. Wind Pressure. — One of the most important cases to 
the engineer, in which the pressure of a fluid stream on bodies 
immersed m it has to be considered, is that of the pressure of 
wind on structures. Unfortunately the action of the wind is 
so complex and variable that there is not general agreement 
as to the allowance to he made for it 

Storm winds are generally rotating eddies generated 
between two oppositely flowing air currents not of themselves 
of violent character Once put in motion, the energ) of such 

ST LOUIS STORM. 



au eddy accumulates and the distribution of the energ) is a 
purely mechanical problem Conditions of d)nmmcal fital ility 
involve this that the pressure diminishes arid the vilocit) 
increases from tho circumference to the centre of the eddy 
(§ 33) Fig 148 is n diagram of the St Louis storm of 1896, 
which shows that tho i«obars formed closed ciinn round the 
etonn centre, tho barometric pressure decreasing from 30 inch s 
at the out'ide to 29 1 inches at the emtn On th< olh<r 
hand, tho velocity and viohnee of the wind mcr» town!* 
the centra A Morin of tins 1 md is not fixed in jm-utm 
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Its centre tmcls nlong n trick generally in the northern 
hemisphere eastwards or north eastwards. At any given place, 
ni the storm passes, the mnd \eers round contmiy to the hinds 
of n natch The storm centre maj travel 20 or 30 miles per 
hour, but the wind \clocity near the centre of the storm may 
l>c 80 or 100 miles per hour The nrci of a storm is 
cxtrcmcl} a amble. It may be COO or 1200 miles m 
diameter In other eases the width of the track over 
which the wind is riolcnt enough to cnu r o destruction may 
be only GO to 1000 feet. Some whirlwinds cut down the 
trees in a forest nlong n track as narrow as a road, leasing 
trees on either side undamaged 

Wind pressures are measured on anemometers of two types, 
pressure and velocity ancmomctcra In the former the pressure 
is measured on a thin vertical plate exposed normally to the 
wind. It is rare for pressures on such a plate to exceed 
30 lbs. per square foot. Rut nt Bidston Observatory near 
Liverpool pressures of 50 to 80 lbs per square foot base been 
registered. There the anemometer is 5C feet above the 
ground and 251 feet above sea level Tho exposure of the 
anemometer is complcto and sevore, but the Board of Trade 
Committee on tho Tay Bridge disaster found no reason to 
doubt the records. Baier came to tho conclusion, after 
examining Borne eases of destruction, that tho wind pressure 
in the tomndo nt St. Louis in 189G must hnvo ranged from 
45 to 90 lbs. per square foot 

A largo number of records have been obtained with 
velocity anemometers of the Robison type, in which hemi- 
spherical cups are rotated by the wind the velocity of 
the cups being about one third that of the wind These 
records give the averago velocity over a more or less consider- 
able period of time The Board of Trade Committee found 
that if v n is the mean velocity during an hour, then the 
highest pressure during the hour would be approximately 
P = 0 01tr w lbs per square foot 

Now observations at Aberdeen show a wind travel of 
69 miles an hour, corresponding to i maximum pressure of 
48 lbs per square foot, at Falmouth a travel of 71 miles per 
hour corresponding to 50 lbs. per square foot , at Holyhead a 
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travel of 80 miles an hour, corresponding to G4 lbs per 
square foot The \elocity anemometer is free of inertia errors, 
and its indications are not consistent with the supposition 
that gusts during which the pressure is excessive are necessarily 
of short duration 

185 Increase of pressure with elevation — Numerous 
experiments show that the wind velocity and pressure is greater 

the greater the height 
from the ground In 
some experiments by 
Mr Thomas Stevenson 
in 1878, six velocity 
anemometers were fixed 
on a vertical pole 50 
feet in height, and ob- 
servations were taken 
at various dates when 
strong winds were blow- 
ing For a height of 
1 5 feet from the ground 
the velocities were low 
and irregular even when 
strong winds were blow- 
ing For heights above 
20 feet the velocities 
increased m a fairly 
F, g i 4g regular way with in 

crease of elevation 
Plotted horizontally the wind velocities gave the irregular 
curves m Fig 149 For heights above 20 feet the velocity 
curves agreed fairly with parabolas having their vertices 72 
feet below ground-level If V and v are velocities, and P and 
p pressures at heights of H and k feet 


FEET 



TT /H + 72 
V -V 4 + 72' 
x> H + 72 
h+72 


Suppose that at 25 feet above ground the mean liourl) 
velocity is 30 miles per hour, corresponding to a maximum 
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pressure during the hour of 9 lbs per square foot Then at 
higher elevations the \elocities and pressures by Stevenson s 
rule would be as follows — 


El e ration 

Mean Velocity 
Miles per hour 

Maximum Pressure. 
Lbs persq ft 

26 

30 0 

9 0 

60 

33 6 

11 3 

100 

39 9 

16 0 

200 

50 4 

25 3 

300 

68 8 

34 6 


These results apply only to the case of a flat and nearly 
unobstructed ground surface 

180 Evidence of high wind pressure m storms — It 
may be shown that a pressure of 25 to 35 lbs per square foot 
distributed over the area of a railway carnage is necessary to 
overturn it and this must be chiefly front pressure as m the 
case of such a body it cannot be supposed that the negative 
pressure due to a wake is as completely established as in the 
case of a thin plate. Now Mr Seyng has described the over 
turning of five carnages of a passenger train at Salces, m 
France in I860 On the same day fi\e waggons of a freight 
tram were overturned at Ri\ esaltes and three others thrown 
off the track On the same railway in 1867 a passenger 
train was almost completely overturned In 1867 a brake- 
van and post office tender were blown over between Chester 
and Holyhead In 1864 carriages in two trains on tho 
Eastern Bengal Railway were overturned by wind In 1870 
two spans of a bridge at Decatur USA were blown o\er, 
and m 1880 one 150 foot span of a bridge at Meredocia 
On September 10 1897 in Pans a cyclone uprooted e\ery 
tree from the Quai St Michel to the Pont Neuf some barges 
were sunk an omnibus overturned and at the Palais de Justice 
not a pane was left in the windows. 

On the other hand those who have carefully examined 
cases of damage by wind lia\e found that structures such as 
windows chimneys roofs etc. of weak construction, and 
incapable of standing any considerable lateral pressure, hare 
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stood for long periods unharmed Whether an y adequate 
explanation of the paradox thus piesented can be given is 
doubtful, but certain considerations may be noted (a) At any 
one place the occurrence of high "wind pressure must be very 
exceptional , (5) A structure must be still more rarely struck 
normally , (c) Its form may prevent the creation of a negative 
pressure , (d) Neighbouring obstructions may have the effect 
of shielding a structure In this connection the great decrease 
of wind velocity near the ground is instructive 

187 The Forth Bridge experiments — During the con 
struction of the Forth Bridge some important experiments 
were earned out by Sir B Baker A very large pressure- 
plate anemometer was erected on Inchgarvie 20 feet long 
by 15 feet high, facing east and west Beside it were erected 
two small pressure plates, one facing east and west, the other 
revolving to face the wind Between 1883 and 1890, on 
fourteen occasions of storm, pressures ranging from 25 to 65 
lbs. per square foot were registered by the revolving pressure 
plate In the same period the pressure on the small fixed 
pressure plate ranged from 16 to 41 lbs per square foot Also, 
during the same period, pressures were registered bj the large 
plate of 300 square feet area ranging from 7 to 35 lbs per 
square foot 

For experiments on bodies of complex form, Sir B Baker 
adopted a very ingenious device Experiments in wind storms 
would have been difficult and inconvenient Instead of this 
a light wooden rod was suspended by a cord At one end, 
the complex form the resistance of which was required was 
fixed, at the other, a small cardboard plane Setting the 
apparatus swinging, it was obvious at once at which end of 
the rod the resistance was gieatest Then the area of the 
cardboard plane was altered until its resistance just balanced 
that of the body to be tested In this way the areas of plane 
having resistance equivalent to that of various bodies of 
complex form was determined 

For bodies of comparatively simple form, such as cubes 
and cj hnders, the relative resistances were found to be the 
Same ns those directlj determined by earlier observers. The 
most interesting point to determine next was the influence of 
one surface in sheltering another With cli c cs placed at from 
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one to four diameters apart, there w&s complete shelter when 
the di«tance was one diameter, the resistance being the same 
as for n simple di«c. Tlic resistance was increased by 25 per 
cent when the di<scs were 1^- diametem opart, by 40 per cent 
nt 2 diameters, by CO per cent for 3 diameters, and bj 
80 per cent for 4 diameters. Intermediate discs did not 
much increase the resistance. Four discs in senes behind 
each other, with a total distance between first and fourth of 
3^ diameters, had no more resistance than two dices at 
4 diameters. 

Perforated dices were then tned to imitate the effect of 
shelter of one lattice girder on another With openings in 
the dices equal to one fourth the whole area, the dices being 
1 diameter opart, the resistance of the sheltered disc was only 
8 per cent of that of the front disc. Hut with openings half 
the whole area, the resistance of the sheltered disc was 30 per 
cent of that of the front dice. At 2 diameters apart, the 
resistances of the sheltered dice were 40 per cent to 06 per 
cent of that of the front dice, and ut 4 diameters apart, with 
openings half the total area, the resistance of the sheltered 
disc was 94 per cent of that of the front disc. 

The top members of the Forth Bridge consist each of a 
pair of box-lattice girders, that is, they arc nearly equivalent 
to four single lattice girders in senes. Models of single web 
girders made to imitate these were tested m pairs. With 
distances apart equal to once, twice, and three times the 
depth of tho girders, the resistance of the sheltered girder was 
20 per cent, 50 per cent, and 70 per cent of the resistance of 
the front girder With additional girders placed between 
the others the increase of resistance was small. With a 
complete model of a bay of one top member of the bndge, 
that is, with the equivalent of two single lattice girders, the 
total resistance was 1 75 times the resistance of a plate equal 
in area to the projection of one lattice girder, that is, to the 
projection of the solid surfaces excluding the openings. 

The bottom member of the Forth Bndge consists of two 
tubes of circular section braced together by lattice girders A 
complete model of one bay was tested. It had a resistance 
10 per cent greater than the resistance of a plane surface of 
the projected area of one tube. 
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stood for long periods unharmed. Whether any adequate 
explanation of the paradox thus presented can be given is 
doubtful, but certain considerations may be noted (a) At any 
one place the occurrence of high wind pressure must be very 
exceptional , (b) A structure must be still more rarely struck 
normally , (c) Its form may prevent the creation of a negative 
pressure, (d) Neighbouring obstructions may have the effect 
of shielding a structure In this connection the great decrease 
of wind velocity near the ground is instructive 

187 The Forth Bridge experiments — During the con- 
struction of the Forth Bridge some important experiment*? 
were earned out by Sir B Baker A very large pressure- 
plate anemometer was erected on Inchgame, 20 feet long 
by 15 feet high, facing east and west Beside it were erected 
two small pressure plates, one facing east and west, the other 
revolving to face the wind. Between 1SS3 and 1890, on 
fourteen occasions of storm, pressures ranging from 25 to Go 
lbs. per square foot were registered by the rev oI\ mg pressure 
plate In the same period the pressure on the small fixed 
pressure plate ranged from 1 6 to 41 lbs. per square foot Aho, 
during the same period, pressure* were registered b> the huge 
plate of 300 square feet area ranging from 7 to 35 lbs. per 
square foot 

For experiments on bodies of complex form. Sir B Baker 
adopted a very ingenious device. Experiments m wind storms 
would have been difficult and inconvenient Instead of this 
a light wooden rod was suspended by a cord. At one end, 
the complex form the resistance of which was required was 
fixed, at the other, a small cardboard plane. Setting the 
apparatus swinging, it was obvious at once at which end of 
the rod the resistance was greatest Then the area of the 
cardboard phne was altered until its resistance just balanced 
that of the body to be tested. In this way the areas of plane 
having resistance equivalent to that of various bodies of 
complex form was determined 

For bodies of comparatively simple form, such os cube* 
and cvhnders, the relativo resistances were found to be the 
same as those direct!} determined by earlier observers. The 
most interesting point to determine next was the influence of 
one surface in sheltering another With discs placed at from 
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one to four diameters apart, there was complete shelter when 
the distance was one diameter, the resistance being the same 
as for a simple disc. The resistance was increased by 25 per 
cent when the discs were 1^ diameters apart , by 40 per cent 
at 2 diameters, by 60 per cent for 3 diameters, and by 
80 per cent for 4 diameters. Intermediate discs did not 
much increase the resistance. Four discs in senes behind 
each other, with a total distance between first and fourth of 
3 \ diameters, had no more resistance than two discs at 
4 diameters. 

Perforated discs were then tried to imitate the effect of 
shelter of one lattice girder on another With openings m 
the discs equal to one-fourth the whole area, the discs being 
1 diameter apart, the resistance of the sheltered disc was only 
8 per cent of that of the front disc. But with openings half 
the whole area, the resistance of the sheltered disc was 30 per 
cent of that of the front disc At 2 diameters apart, the 
resistances of the sheltered disc were 40 per cent to 66 per 
cent of that of the front disc, and at 4 diameters apart, with 
openings half the total area, the resistance of the sheltered 
disc was 94 per cent of that of the front disc. 

The top members of the Forth Bridge consist each of a 
pair of box-lattice girders, that is, they are nearly equivalent 
to four single lattice girders m senes. Models of single-web 
girders made to imitate these were tested m pairs. With 
distances apart equal to once, twice, and three times the 
depth of the girders the resistance of the sheltered girder was 
20 per cent, 50 per cent, and 70 per cent of the resistance of 
the front girder With additional girders placed between 
the others the increase of resistance was small. With a 
miDptete zn&d&l & hay eae top zoeioher of the bridge, 
that is, with the equivalent of two single lattice girders, the 
total resistance was 1 75 times the resistance of a plate equal 
in area to the projection of one lattice girder, that is, to the 
projection of the solid surfaces excluding the openings 

The bottom member of the Forth Bridge consists of two 
tubes of circular section braced together by lattice girders A 
complete model of one bay was tested It had a resistance 
10 per cent greater than the resistance of a plane surface of 
the projected area of one tube. 
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EXAMPLES 

1 A jet 3 inches in diameter under n head of 400 feet strikes nornnlh 

a plane at rest Find tlie pressure on the plane 2452 11 « 

2 A jet of water delivers ICO cubic feet per nunutc at a rclocitr of 

20 feet per second, and strikes a plane normally Find the 
pressure on the plane (1) when the plane is at rest , (2) when 
it is moving at 7 feet per second m the direction of the jet 
In the latter case find the rate at which work is done m 
driving the plane. 

103 4 lbs , 43 7 lbs , 305 8 ft lbs per second 

3 Water impinges on a Poncclet float at 10’ with the tangmt to the 

circumference of the wheel The velocity of the water is double 
that of the float. Find by construction the nngle of the float 
to receive the water without shock. A slope of 10* is nearlv 
1 in C 

4 A cylindrical chimney shaft 100 feet high and 75 ftet m diameter 

is exposed to a wind pressure of 30 lbs. per square foot Iind 
the overturning moment 10', 750 lbs 

5 A fixed curved vane has a receiving edge making an nnglt of 45* 

and a delivering edge an angle of 20* with a line All A jet 
delivers 10 cubic feet per second at a vtlocitj of 30 fict j t r 
second, without shock, so that it is deviated along the aane 
Find the resultant pressure on the vane, tiie angle it makes 
with AB, and the components of the pressure nlong and at 
right angles to AB 970 lbs. , 12k* , D40 Hi, 210 lls. 

C Suppo o the vane in the previous question is moving in the dine 
tion AB nt 10 feet per second, and the jet at 16* with AB «t 
30 feet per second hind the angle the receiving c lge of the 
vane must make with AB that there nmv l>c no shock Al»o 
the relative velocity G3* , 21 ft per « coni 
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TABLE II — Velocity and Head 


» 

He ght due to 
Velocity 
n2 

2? 

\elocitv tueto 
Height 
sftyn 

I” 

He ght due to 
Velocity 

2 9 

Veloc ty due 
to He ght 
ijign 


I Metres 

Feet 

Metres 

Feet 


Metres 

Feet 


1 

OOOol 000155 

1 401 

2 537 

5 

1 326 

4041 


2 

00203 000622 

1 981 

3 588 

52 

378 



3 

00459 00139S 

2 426 

4 394 

51 

432 



4 

00816 002486 

2 801 

5 074 

54 

486 

4531 

29 64 

5 

01274 003S8o 

3 132 

5 673 

55 

1 542 

4700 


6 

01835 005593 

3 431 

6 214 

1 56 

599 

48 73 


7 

02498 007615 

3*706 

6 712 

57 

656 

5048 


8 

03262 009943 

3 962 

7 176 

6 { 

715 

5227 


9 

04129 01259 

4 202 

7 611 

5 9 

774 

5408 

76 48 

1 0 

0 0510 

01554 

4 429 

8 022 

60 

1 835 

5593 

10 85 19 65 

1 1 

0617 

01880 

4 645 

8 414 

6 1 

897 

5782 

94 81 

I 2 

•0734 

02237 

4 852 

8 788 

62 

959 

5973 

11 03 97 

l 3 

0861 

02626 

5 050 

9 147 

6 3 

2 023 

6167 

12 20 13 

1 4 

0999 

03045 

5 241 

9 492 

6 4 

088 

6364 

21 29 

15 

0 1147 

03496 

5 425 

9 826 

65 

2 154 

6564 

11 29 20 45 

1 6 

1305 

03978 

603 

148 

66 

220 

6768 

38 61 

I 7 

1473 

04490 

775 

460 

6 7 

2S8 

6975 

46 76 

1 8 

1652 

05034 

942 

764 

68 

357 

7185 

55 92 

1 9 

1840 

05609 

6 105 

11 059 

6 9 

427 

7397 

63 21 07 

20 

0 2039 

06215 

6 264 

11 346 

70 

2 498 

7613 

11 72 21 23 

2 1 

2248 

06852 

418 

626 

7 1 

570 

7832 

80 38 

22 

2467 

07520 

570 

899 

7 2 

643 

8055 

88 53 

23 

2697 

08219 

717 

12167 

7 3 

716 

82S0 

97 67 

2 4 

2936 

08950 

862 

429 

74 

791 

8508 

12 05 82 

25 

0 3186 

09711 

7 003 

12 685 

7 5 

2 867 

8740 

12 13 2197 

26 

3446 

10503 

142 

936 

76 

944 

8974 

21 22 11 

27 

3716 

11326 

278 

13 182 

7 7 

3 022 

9212 

29 *26 

2 8 

3996 

12182 

411 

424 

78 

101 

9475 

37 40 

2 9 

4287 

13067 

543 

662 

7 9 

181 

9697 

45 55 

3 0 

0 4588 

1398 

7 672 

13 90 

8 0 

3 262 

9944 

12 53 22 69 

3 1 

4899 

1493 

793 

14 13 1 

8 1 

344 1 0194 

61 83 

3 2 

5220 

1591 

923 

35 

8 2 

423 1 0447 

68 97 


5551 

1692 

8 046 

67 

8 3 

512 1 0704 

76 23 11 

3 4 

5893 

1796 

167 

79 

8 4 

597 1 0963 

S4 25 


0 6244 

1904 

8 286 15 01 

8 5 

3 683 1 1226 

12 91 23 30 

3 6 

6606 

2014 

404 

21 

8 6 

770 1 1492 

99 53 



2127 

520 

42 

8 7 

858 1 1761 



7361 

2244 

634 

63 

8 8 

947 1 2032 

14 80 

3 9 

7753 

2363 

747 

84 

8 9 

4 038 1*2307 




•2186 

8 858 16 05 

90 

129 1 259 

13-29 24 07 



2612 

968 

24 

9 1 

221 1 2S7 



8992 

2741 

9 077 

41 

92 

314 1315 





184 

63 

9 3 


51 47 

4 4 

9S69 

3008 

•291 

83 

9 4 

504 1 373 




3146 

9 396 17 02 

9 5 

GOO 1 402 

3 65 St 73 




500 

20 

9 6 

698 1 432 




3432 

602 

39 

[> 7 

796 1 462 





704 

57 

3 8 



4 0 

•2239 

3731 

501 

76 

9 9 

•996 1 523 1 


50 

•2741 

3SS1 I 9 901 1 

91 1 

00 

•097 1 554 14-01 25 37 

1 








— 


APPENDIX 


319 


TABLE III —Slope Table 


Fall in > wt 
j»r M le. 

/- 

SJof# Jin*. 

« « 

Sli't* 

Foot f»r foot- 

‘Oojw J Jn h . 

B!op>) 

foot p»r Foot. 

Fall In Feet 
per^MlIe. 

05 

10560 

■000005 

6000 

OOOOS3 

88 

0 75 

701Q 

*000142 

6000 

•0002 

1-03 

1-0 

52*0 

*000189 

4500 

•000222 

1*17 

1-25 

4221 

-0002J7 

4000 

00025 

1 32 

1 5 

3520 

•00028 4 

3500 

000286 

1 51 

1 75 

3017 

•000331 

3000 

■000333 

1 76 

20 

2640 

•000379 

2500 

0004 

2 11 

3-0 

1760 

-0005CS 

2000 

0005 

2 61 

4-0 

1320 

•000753 

1500 

000667 

3 52 

5-0 

1056 

•000917 

1250 

•0003 

4-23 

6-0 

8*0 

001136 

1000 

001 

5-23 

7-0 

751 

-001J2C 

750 

•00133 

7 03 

8-0 

660 

•001516 

500 

•002 

10 56 

9 0 

5S7 

•001701 

400 

•0025 

13-2 

10-0 

£23 

•001891 

300 

00333 

17 6 

11 0 

444 

"002083 

250 

•004 

21 1 

12-0 

440 

002273 

200 

005 

26 4 

13-0 

406 

002162 

175 

00571 

30 2 

14 0 

377 

•002651 

150 

00667 

35-2 

15-0 

352 

■002341 

125 

•008 

42 3 

17 5 

302 

•003311 

100 

01 

52 8 

20-0 

261 

003783 

75 

•0133 

70 3 

225 

235 

•004255 

50 

02 

105 6 

25-0 

211 

004735 

40 

•025 

132 

30 0 

176 

•005682 

30 

0333 

176 

35-0 

151 

006629 

25 

04 

211 

40-0 

132 

•007576 

20 

05 

264 

45-0 

117 

003523 

15 

•0667 

352 

50-0 

105 6 

009470 

10 

1 


60 0 

88-0 

011364 




70 0 

75 4 

01326 




60-0 

66 -0 

•01515 




90 0 

58 7 

•01705 




100-0 

52 8 

01894 




120 0 

44 0 

02273 




140 0 

37 7 

02652 




160-0 

33 0 

03030 




160 0 

29 3 

•03409 




200 0 

26 4 

•03788 




300-0 

17 6 

05682 




400-0 

13-2 

07576 




500 0 

10 6 

09470 
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TABLE IV — Tablf to facilitate Calculations ov Pipes 


Diameter 


Hydraul c 





Mean Radius 1 



1 

In Square Feet 

in Feet 









TABLE V. Discharge or Pipes at Different Velocities in Q allots run IJoun 


Awixrc 





TABLE VI Dis( :HAJtaE 0P p 1PES AT Different Velocities in Cdbic Feet per Second 





TABLE VII — Loss op Head ih New Cabt Ikon Pifes 
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This table is calculated from the equation — 
_A_0 0216 o 1 » 
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Fire hose pipes, 165 
Fire nozzle, 83 
Float gauging of streams, 267 
Floating bodies, equilibrium of, 33 
Fluid pressure, 13 ; on planes, 14 ; on 
curved surfaces, 15; varying as the 
depth, 22 ; on a wall, 24 ; on valve, 
25 ; graphic determination of, 31 
Fluids, properties of, 9 
Forth Bridge experiments on wind pres- 
sure, 312 

Francis, 91, 107, 108 
Free surface, 11, 20 
Freeman, 83 

Friction, fluid, 132 , of discs in water, 136 

Fronde, 45, 133 

Fteley, 98, 100, 107 

Functions of numbers, table of, 317 

Gale, 160 

Gas, flow in mams, 222 
Gaseous laws, 119 

Gauging by weirs, 114 , of streams, 264, 
286 , by chemical means, 290 
Gordon, 279 

Gravity, acceleration due to, 6 
Gutermuth, 229 

Hagen, 202, 206 

Hamilton Smith, 72, 75, 98, 100, 205 
Hardness of water, 4 
Harlaclier, 271 

Head, meaning of term, 44 , measurement 
of, 68, 114 

Heaviness of water, 3 , of gases, 118 
Herschel, 55, 68, 162, 192 
Hook gauge, 70, 114 
Hydraulic gradient, 152, 156, 187 
Hydraulic press, 1 8 

Impact of fluids, *>--*> - 

direction, 292 
of revolution, 


Inversion of jets, 78 

Jet Impinging on curved surface, 292 
Jet pump, 86 
Joukowshy, 193 

Kelvin, Lord, 11 
Rambling, 174 


Laoyrinin pisiou, &•> 
Lump', 205 
Ixnbrtw, 93 
Levy, Maurice, 159 
Lock, of canal, 84 


Alains, w a t e r, 178 , of varjing diameter, 
180 ; branched, 185 ; compound, 187 
Mair, 73, 92, 202, 219 
Marx, I84 
Mean velocity, 41 
Metacentre, 34 
Module, 68, 75 

Mouthpiece, cylindrical, 85 ; convergent, 
88 , divergent, S9 

Napier, I30 

Non sinuous motion, 146 

Notches, 95 , triangular, 1 05. Stc Weirs 

Orifices, 61 , use in measuring water, 67 J 
conoidal, 70 , sharp-edged, 71 ; rect- 
angular, 74 , submerged, 75 ; self- 
adjusting, 75 ; flow of fluids other than 
water, 77 ; application of Bernoulli’s 
thc&rem to, SI l hesd 1 arjwg mth 
time, fj4 , large rectangular vertical, 
95 , flow of air through, 123, 130 

Pascal’s law, 13 
Pelton wheel, 297 
Pipe aqueducts, 100 
Pipe scrapers, 189 

Pipes, non.sinuous and turbulent condition 
of flow, 146 ; permissible velocities, 
149 , Qhezy formula, 150 , inlet re 
sistanct., 155 , pressure in, 166 , 
Darcy’s investigation, 156 ; Maurice 
Levy's formula, 159 , later investiga- 
tions, 160, riveted pipes, 162 , tirabir 


general formula and constants, 210 , 
flow of compressible fluids in, 221 , 
T ' harge of, 321, 322 


« me«, 43, 
• • •• abrupt 

changes of section bi 
Prony, 109, 283 

Batter, 105 
ttankine, 5 

Reaction of fluids, 291 
Reynolds, Osborne, 37, 1 16. 203 
Riedler. 229 

to 

.... rs, 256 , ratio* of 

mean and surface velocity, 257 
Rinted pipe, 1C2 
Rod fonts, 263 
Rosenbaln, 131 



INDEX 


327 


Scour valves, 191 
Screw current meter, 270 
Sewers, 214 

Shock, 57, in pipes, 190 
Siphon gauge, 21 
Slope table, 319 
Sluices, 173, 191 
Specific heat of gases, 119 
Stanton 302 305 
StaTe pipes, 161 

Steady and unsteady motion, 40, 150 

Stearns, 98,100, 107, 160, 205 

Stockalper, 230 

Stream lines, 37, 48, 146 

Strohmeyer, 290 

Suction pipe of pumps 195 


Temperature, Influence on flow from 
orifices, 91 , on friction, 143 , on flow 
in pipes, 202, 219 , correction for, 
213 

Thomson James 106, 261 

Town supply, 177 

Transverse sections, measurement of, 
265 

Turner, 275 


Units of measurement, 1 , of intensity of 
pressure, 6 

halves, 173, scour, 191, reflux, 191, 
momentum, 191 , sluice, 191 , resist 
ance to flow at, 173 
\ elocity and head, table of, 318 
Velocity curves, 251 
tenant, de St., 202 
\ enturi meter, 52 
t isco«ity, 10 147 
\ oteme of flow 40 
\ ortex, free, 51 , forced, 52 

Wagner, 284, 285 
W ater hammer, 198 
W ater inch, 63 
Water level gauge, 264 
W alt s Viydrometer, 21 
Weirs, 96 , drowned, 101, 113 , broad 
crested. 102 with no end contractions, 
106 , Francis s formula, 108 , Baim s 
researches, 109 , separating 115 
Weisbach 81, 88, 171 
Wtnham 305 
Williams, 172, 218, 281 
Wind pressure, 308 
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